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FOREWORD 


This  report  ms  submitted  by  Exxon  Research  ft  Engineering  Company,  Government 
Research  Laboratory,  Linden,  Mew  Jersey  07036,  under  contract  FQ461 1-74-C-0032, 
jc  order  Mo.  30581 1TM  with  the  Air  Force  Rocket  Propulsion  Laboratory, 

Edwards.  CA  93523. 

This  report  has  been  reviewed  by  the  Information  Office/DOZ  and  is  releasable 
to  the  National  Technical  Information  Service  ( NT  IS).  At  NTIS  It  will  be 
available  to  the  general  public,  including  foreign  nations. 

This  report,  is  unclassified  and  suitable  for  public  release. 
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The  overall  objective  of  the  work  In  this  program  is  to  Investigate  the 
external  breakup  mechanisms  of  Shell  405  catalyst  so  as  to  establish  an 
understanding  of  the  phenomenon  which  csn  aid  in  exti  riding  catalyst  life 
in  use  in  monopropellant  hydreslne  thrusters.  The  program  Involves  the 
joint  efforts  of  Exxon  Research  and  Engineering  Company,  McDonnell  Douglas 
Astronautics  Company  and  TRW  Inc.  The  program  involves  both  experimental 
and  analytical  studies  of  potential  catalyst  breakup  mechanisms. 
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A number  of  different  mechanisms  vert  identified  for  study  follow- 
ing a review  of  tha  lltaratura  and  othar  available  lnforrMtlon.  To  date 
fourteen  specific  mechanisms  from  the  general  area > of  fluid  dynamic  erosion, 
pressure  crushing,  differential  thermal  expansion,  particle  movement,  theriMl 
shock  and  pore  preaaura  gradients  have  been  screened.  ?*jor  breakup  mechanisms 
or  luctore  Idantlfled  to  data  include  particle  to  particle  cruahlng  es  e 
result  of  various  static  pressure  cruahlng  forces,  bulld-up  of  pressure 
within  tha  catalyst  pore  as  a result  of  Imbibed  liquid  hydratlne,  the  feet 
that  e voided  thruster  bad  has  sufficient  gas  velocity  for  particle  movement, 
and  loss  of  catalyst  phyalcal  properties  euch  aa  crush  strength  with  use. 

Othar  significant  mechanisms  or  factors  Identified  include  fluid  dynamic 
erosion  from  a pulsed  liquid  stream  and  fiom  particulates  In  hydratlne 
and  thermal  shock  during  liquid  quench  cooldown.  Five  mechanisms  or  factors 
were  Judged  not  to  be  elgniflcant.  Although  tha  program  Is  not  completed, 
the  results  to  date  were  examined  for  thruster  design  Implications. 
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SUMMARY  AMD  CONCtUSI ON S 


The  overall  objective  of  the  work  In  the  program  Is  to  Investigate 
the  external  breakup  mechanisms  of  Shell  405  catalyst  to  as  to  establish 
an  understanding  of  the  phenomenon  which  can  aid  in  extending  catalyst  life 
in  uss  in  monopropellant  hydrazine  thrusters.  The  External  Catalyst  Breakup 
Phenomena  program  Involves  the  Joint  efforts  of  Exxon  Research  and  Engineering 
Company  (prime  contractor)  and  McDonnell  Douglas  Astronautics  Company  and 
the  Systems  Group  of  TRW,  Inc.  A study  of  Internal  Catalyst  Breakup  Phenomena 
is  being  carried  out  separately  by  United  Technologies  Research  Center  under 
a different  contract  (F04611-74-C-0031) . The  overall  effort  Is  coordinated 
by  the  Air  Force  with  the  eaalatance  of  a Scientific  Advisory  Board.  The  pro- 
gram involves  both  experimental  and  analytical  studies  of  potential  external 
catalyst  breakup  mechanisms.  This  interim  report  describes  work  conducted 
during  the  period  of  June  1974  to  April  1975. 

A number  of  different  mechanisms  were  identified  for  study  following 
s review  of  the  literature  snd  other  available  information.  To  date  fourteen 
specific  mechanisms  from  the  general  areas  of  fluid  dynamic  erosion,  pressure 
crushing,  differential  thermal  expansion,  particle  movement,  thermal  shock 
and  pore  pressure  gradients  have  been  acreened.  Major  mechanisms  or  factors 
laportant  to  catalyst  breakup  Identified  to  date  include: 

e Particle  to  particle  crushing  as  a result  of  various  static 
pressure  forces. 

a A voided  thruster  bed  has  sufficient  gas  velocity  for 
particle  movement. 

• Corroboration  of  the  deleterious  effect  of  the  buildup  of 
pressure  within  the  pores  as  s result  of  mblbed  liquid 
hydrazine. 

• Loss  of  catalyst  physical  oropertiea  such  ss  crush  strength 
after  thruster  exposure. 

e Erosion  by  a pulsed  liquid  stream  at  high  velocity. 

a Thermal  shock  from  liquid  quench  cooldown. 

e Erosion  resulting  from  solid  particles  present  In 
the  hydrazine. 

Five  mechanisms  or  factors  were  Judged  not  to  be  significant  as  follows: 

a Fluid  dynamic  erosion  by  a pure  gas. 

• Fluid  dynamic  erosion  by  liquid  drops  In  a gas. 

e Pore  pressure  gradients  during  rapid  presentation  or 
daprassurizatlon  (in  the  absence  of  liquid). 

a Transient  effects  per  se  In  bed  pressure  buildup. 

• Thermal  shock  from  hasting  a particle  wUh  hot  combustion 
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Although  the  program  has  not  yet  been  completed,  the  results 
to  date  point  to  a number  ol  variables  or  factors  involved  in  thruster 
operation  where  operating  envelopes  possibly  could  be  developed  to  enhance 
catalyst  life, 

• Gas  fluid  dynamic  erosion  per  se  Is  not  a mechanism  of  cat- 
alyst breakup,  nor  can  gas  velocities  be  reduced  to  the 
point  where  incipient  particle  movement  will  not  occur  in 
j a voided  bed.  However,  higher  gas  velocities  result  in 

j greater  static  pressure  crushing  forces  on  the  bottom  of 

I the  bed.  In  addition,  since  abrasion  by  solid  particW 

I flowing  in  a gas  is  strongly  dependent  on  particle  velocity, 

higher  gas  velocities  increase  the  danger  from  solid  particle 
abraaicn  if  the  catalyst  starts  to  breakup  from  another 
mechanism. 

I • Reduction  of  the  particulate  level  in  the  hydrazine  used 

below  the  current  spec  level  could  provide  an  added  margin 
j of  safety  regarding  possible  abrasion  losses  from  solid 

| particles  flowing  in  the  gas. 

! • Liquid  hydrazine  in  contact  with  catalyst  particles  generates 

a number  of  potentially  deleterious  situations.  The  impact 
of  a pulsed,  liquid  stream  can  erode  the  particles.  Data 
indicates  that  this  can  be  controlled  to  a great  extent  by 
reducing  the  liquid  velocity.  During  s cold  start  contact 
1 with  hydrazine  leading  to  liquid  wetting  can  lead  to  very 

( high  Internal  pressures  as  a result  ol  the  imbibed  liquid 

decomposing  in-sltu  to  give  product  gases.  A number  cf 
| approaches  in  this  respect  could  be  pursued. 


Increasing  the  headspace  area  above  the  bed  to  prsvaporlze 
the  hydrazine  as  much  as  possible. 

Raising  the  catalyst  bed  temperature.  Although  at  this  time 
the  effect  of  temperature  on  internal  pressure  has  not 
been  defined,  qualitatively,  higher  temperatures  should 
reduce  llcuid  penetration  and  ultimately  result  In  a film 
binding  condition  which  will  prevent  any  actual  liquid  from 
contacting  the  catalyst- 

Smaller  catalyst  particle?  should  allow  easier  relief  of 
interne!  pressures.  However,  other  mechanisms  are  influenced 
by  catalyst  particle  size  so  that  tradeoffs  will  probably 
be  involved  In  optimizing  the  catalyst  particle  size. 
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Similarly  , thermal  shock  from  liquid  hydraslnc  la  potentially 
detlerlous,  and  means  Co  minimise  this  possibility  could  Include 
steps  such  as  reducing  the  catalyst  particle  site  so  as  to 
reduce  the  Blot  number  or  adjusting  conditions  Including 
catalyst  pertlcT  temperature  to  Insure  that  a low  heat 
transfer  rate  film  boiling  condition  will  be  present  rather 
than  a high  heat  transfer  rate  nucleate  boiling  condition. 

• Factors  generating  pressure  forces  which  could  result  In 
particle  to  particle  crushing  must  he  carefully  examined. 

• Bed  preloeda  would  appeer  to  be  deleterious 

- The  possible  additive  effect  of  various  pressure  forces 
oust  be  avoided.  Analytical  results  Indicate  that  the 
preaeure  forces  from  flowing  gases  are  established  very 
rapidly  (In  milliseconds ) compared  with  cold  start  thermal 
expansion  compression  effects  (max  A V/V  compression  occurs 
at  approximately  0.5  sec  alter  start).  Any  relaxation  of 
preload  forces  would  presumably  occur  even  later  during 
the  dilation  portion  of  the  thermal  expansion  cycle.  Thus 
It  would  appear  possible  during  the  Initial  cold  start 
that  preload  forces,  the  flowing  gas  AP  forces,  and  the 
differential  thermal  expansion  compression  forces  would 
all  occur  simultaneously  and  result  in  a total  force  which 
Is  additive  in  a complex  manner.  This  interaction  could 
seriously  overstress  a bed. 

- Pressure  crushing  forces  from  differential  thermal 
expansion  effects  must  be  carefully  considered,  such 
as  the  possibility  that  a dilated  bed  during  firing 
will  completely  or  partially  repack  Itself.  The 
strong  effect  of  bed  loading  or.  the  magnitude  of  both 
the  Initial  compression  and  final  dilation,  suggest 
benefits  from  reducing  this  variable. 

- Isolating  the  catalyst  particles  from  one  another 
ao  as  to  avoid  high  particle  to  particle  stresses 
may  have  merit. 

- Particles  from  a partially  uegraded  bed  could  be 
trapped  in  the  Interstices  of  the  lower  bed  and  thus 
raise  the  pressure  drop  across  the  bed,  resulting 

in  further  bed  compression  losses. 

- Although  the  transients  per  se  involved  In  pressure  ehocka 

are  not  deleterious,  the  magnitude  of  this  foice  must  be 
g'ven  serious  consideration 
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- The  effect  of  the  thi  .ter  environment  on  the  loaa  of 
Individual  catalyst  particle  crush  strength  and  c'-her 
critical  properties  oust  be  considered.  For  example  thermal 
cycling  fatigue  My  degrade  crush  strength  leading  ultimately 
to  bed  failure. 

• Means  to  reduce  the  relatively  large  scatter  In  Individual 
particle  crush  strength  vould  eliminate  a significant 
fraction  of  weak  particles  present  In  even  a fresh  catalyBt 
bed,  and  thus  have  merit.  In  addition,  loss  In  average 
particle  crushing  strength  and  Increase  In  scatter  following 
thruster  exposure  sharply  incrn,  .,«8  the  percent  of  very  weak 
particles.  Thus  this  prob'^m  may  u.  intensified  vJ  fh  thruster 
aging. 


During  the  period  covered  in  this  report  the  Tark  I Phenomenological 
Survey  studies  have  been  completed  and  the  majority  of  the  Task  m analytical 
supporting  analyses  hsve  been  completed.  In  the  remaining  portion  of  the 
program  the  planned  Tael'.  II  testing  will  be  carried  out  along  with  the 
remaining  analytical  supporting  analyses.  Experimental  work  Is  planned  to 
continue  the  study  of  static  pressure  crushing  and  to  Investigate  abrasion 
effects  In  a voided  bed.  Studies  of  "pop"  shock  dynamic  pressure  crushing, 
fatigue  effects  In  cyclic  hot  gaa  thermal  shock  and  liquid  quench  thermal 
shock  and  interactions  or  tynergltms  are  planned.  Catalyst  testing  work  with 
used  catalyst  samples  will  be  conducted  in  an  attempt  to  determine  the  effect 
of  thruater  exposure  on  the  ability  of  Shell  405  to  maintain  its  physical 
properties  such  as  crush  strength.  Analytical  studies  will  Include  both 
Parametric  stuJies  of  existing  programs  and  further  development  of  the 
structure^  an»lys.  j progrru^s. 

The  modeling  studies  have  agein  pointed  out,  In  general,  the  need 
for  the  best  possible  values  for  Shell  405  material  properties.  In  addition, 
these  analytlcel  studies  Identified  a particular  need  for  the  Poisson  ratio, 
tensile  failure  strength  and  nultlaxis  compressive  failure  strength. 
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1. 


INTRODUCTION 


Nonopropellant  hydrazine  ie  widely  regarded  as  the  established 
standard  for  unmanned  spacecraft  auxiliary  propulsion  systems.  To  date, 
there  are  over  30  United  States  flight  programs  that  use  hydrazine  pro- 
pulsion systems  with  Shell  405  catalyst  as  the  means  for  spontaneously 
initiating  the  decomposition  reaction.  These  progress  have  occurred 
over  the  last  decade.  Even  with  this  experience,  it  is  evident  that 
there  is  still  much  that  la  noc  understood  about  the  fundamental  pro- 
cesses Involved  in  heterogeneous  hydrazine  catalytic  reactors. 

The  Shell  405  catalyst  was  developed  to  satisfy  the  require- 
ments for  a simple,  reliable,  lightweight,  nonpower  draining  anJ 
relatively  low  cost  means  of  spontaneously  decomposing  hydrazine.  The 
potential  use  of  hydrazine  as  a monopropellant  was  first  studied  exten- 
sively in  the  USA  by  JPL  during  the  late  1940's  and  1950'a.  It  was 
found  that  homogeneous,  thermal  decomposition  of  hydrazine  proceeded 
slowly,  requiring  residence  times  too  large  to  be  practical  in  most 
rocket  engine  applications.  Subsequent  work  evolved  several  catalysts 
that  could  effectively  sue  tain  decomposition  of  liquid  hydrazine  if  the 
initial  reactor  bed  temperature  was  maintained  In  the  600*  to  800*F 
renge.  For  these  catslyst  systems,  however,  it  was  necuasaty  i.  . eiplo 
techniques  that  preheated  the  bed  to  initiate  and  sustain  decor  poeit:* 

The  complications  of  using  these  methods  seriously  impaired  the  early 
acceptance  of  monopropellant  hydrazine  for  spacecraft  propulsion  systt„». 
Ovar  the  years,  efforts  were  expended  in  search  for  improved  spontaneous 
catalyst  with  success  finally  being  achieved  by  the  Shell  Development 
Company  in  what  aaiat  be  considered  a true  technological  breakthrough  for 
that  period  (1964).  The  availability  of  Shell  405  catalyst  greatly  ex- 
panded interest  in  the  application  of  nonopropellant  hydrazine  propulsion 
systems,  not  only  because  it  was  a truly  spontaneous  catalyst,  but  also 
because  it  appeared  to  be  capable  of  s great  many  starts. 

Coincidentally,  the  occurrence  of  the  spontaneous  catalyst  capa- 
bility was  paralleled  by  a proliferation  of  unmanned  spacecraft  missions 
requiring  the  use  of  attitude  control  and  station  keeping  propulsion 
systems.  The  use  of  Shell  405  catalyst  hydrazine  systems  accelerated, 
therefore,  from  the  first  hurried  application  in  November  of  1967  to  the 
number  of  flight  systems  in  operetion  et  the  present  time.  Because 
hydrazine  thruster  technology  grew  so  rapidly,  many  ootantlal  problem 
areas  were  bypassed  or  explored  in  only  enough  detail  to  satisfy  specific 
requirements  for  a given  application.  In  addition,  ra^ld  changes  have 
occurred  in  thruster  performance  end  life  requirements  ever  the  last  few 
years.  The  original  specifications  for  spinning  satellites  and  short- 
life upper  stages  required  relatively  rapid  firing  rates  (on  the  order 
of  1 Hz),  only  a few  sab lent  stai ts  (typically  20  to  50),  and  only  2,000 
to  5,000  pulses.  These  requirements  ere  simple  when  compared  to  the 
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present  needs  of  three  axis  stabilised  long-life  missions  that  require 
hundreds  of  ambient  starts  (40°  to  70'F)  and  hundreds  of  thousands  of 
"hot"  pulses  at  varying  frequencies.  The  use  of  hydrazine  thrusters 
employing  Shell  405  catalyst  for  extended  life  missions  is  currently 
limited  by  the  physical  degradation  of  the  catalyst.  This  program  is 
one  part  of  sn  extended  effort  being  carried  out  by  AFRPL  to  improve 
the  life  of  Shell  405  catalytic  hydratlne  thrusters. 
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2.  APPROACh 


2.1  Objective 

The  performance  of  Che  Shell  405  catalyse  deterloracaa  during 
ice  uae  for  hydrazine  decomposition  in  nonopropellant  thru* ter  opera- 
tion. The  overall  objective  of  work  under  thla  contract  la  to  Investi- 
gate external  catalyst  breakup  pa chan lane  ao  aa  to  establish  an 
understanding  of  this  phenomena  which  can  aid  in  extending  catalyst 
life  during  uae. 


2.2  Program  Organisation 


The  External  Catalyst  Breakup  Phanoeana  progrsa  Involves  the 
Joint  efforts  of  Exxon  Research  and  Engineering  Coepany  (pries  contrac- 
tor) and  McDonnell  Douglas  Astronautics  Coepany  and  the  Systaee  Croup 
of  TRW,  Inc.  A study  of  Internal  Catalyst  Breakup  Phanoeana  is  being 
carried  out  separately  by  United  Aircraft  Research  Laboratory  under  a 
different  contract  (F04611-74-C-0031) . The  overall  effort  (i.a.,  both 
internal  and  external  catalyst  breakup  phanoeana  work)  is  coordinated 
by  the  Air  Force  with  the  assistance  of  a Scientific  Advisory  Board 
(SAB).  The  SAB  consists  of  appropriate  Air  Force  and  contractor  eanbars 
plus  the  following  additional  ■sabers : 


• 

Mr. 

S. 

# 

Mr. 

M. 

• 

Mr. 

V. 

• 

Dr, 

J. 

• 

Dr. 

M. 

• 

Dr. 

D. 

Mr 

. F. 

S. 

DeBrock,  Lockheed  Missiles  and  Space  Corp. 
J.  Rusal , Aerospace  Corp. 

A.  Mosely,  Bell  Aerospace  Coepany 
D,  Rockenf eller , Rocket  Research  Corp. 
Boudart(a),  Stanford  Univaraity 
P.  H.  Uaaaslean(a) , Lehigh  University 

Forbes,  AFRPL,  is  chairman  of  the  SAB. 


The  External  Catalyst  Breakup  Phanoeana  program  consists  of 
thraa  tasks  as  follows. 


Tssk  I - Phsnoeenologlcal  Survey 

In  Task  I a phanoea no logical  survey  is  to  bs  performed  to 
idantlfy  and  describe  the  ■ore  Important  ■achanieea  of  the  external 
catalyst  breakup  process . The  objective  of  this  work  will  be  to  esta- 
blish the  foundations  for  the  more  extended  experimental  prograe  In 
Taak  II,  and  to  generate  an  understanding  of  the  catalyst  breakup  process. 


(a)  Consultant  to  Exxon  Research  and  Engines ring  Company. 
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Three  areas  of  effort  will  be  carried  out  In  Task  I.  First,  a review 
and  analysis  of  the  literature,  second,  a series  of  experimental  sensi- 
tivity tests  to  screen  the  breakup  hypotheses,  and  third,  a comprehen- 
sive assessment  of  the  results  of  the  sensitivity  test,  literature 
review  and  analytical  modeling  so  as  to  select  and  rank  the  breakup 
mechanisms  for  additional  study  in  Task  II. 

Task  J 1 - Selected  Mechanism  Tea  ting 

More  intensive  laboratory  testing  is  to  be  performed  in  Task 
II.  This  will  involve  (a)  additional  investigation  of  mechanisms  or 
factors  which  have  been  shown  to  be  important,  and  (b)  investigation  of 
phenomena  occurring  in  a complex  bed  environment,  rather  than  just 
occurring  in  a single  particle.  The  effect  of  synergisms  or  interac- 
tions is  also  to  be  investigated.  Output  data  involving  descriptions 
of  important  operating  variables  is  to  be  generated  indicating  the 
level  of  catalyst  degradation  to  be  expected  in  various  regions  of 
catalyst/ thruster  operation. 

Task  III  - Supporting  Analyses 

Concurrently  with  the  other  tasks,  analytical  studies  are  to 
be  conducted  to  support  the  experimental  activities  and  also  to  aid  in 
the  assessment  of  breakup  mechanisms  by  exploring  areas  not  experimental- 
ly investigated.  The  development  of  a complete  catalytic  bed  design 
analysis  is  beyond  the  scope  of  this  program.  However,  governing  equa- 
tions and  analytical  descriptions  of  phenomena  expected  during  catalyst 
breakup  in  simplified  situations,  are  to  be  developed  so  at  to  generate 
an  understanding  of  driving  mechanisms  that  will  form  a basis  for  such 
a design  analysis  mode.  This  work  is  to  provide  an  assessment  of  the 
important  factors  involved  in  catalyst  fracture. 

Task  I and  Task  II  efforts  are  to  be  carried  out  in  sequence, 
and  primarily  will  involve  work  by  Exxon  Research  and  TRW.  Task  III  is 
to  be  carried  out  concurrently  with  Tasks  I and  II  and  involves  work  by 
McDonnell  Douglas  Astronautics. 

This  report  is  an  Interim  technical  report  describing  work 
completed  in  the  period  of  June  1974  to  March  1975,  and  includes  the 
completed  Task  I effort  and  the  parts  of  Task  III  effort  carried  out 
in  this  time  fiame. 
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3.  TASK  I - PHENOMENOLOGICAL  SURVEY'  ' 1 


3.1  Lite  ratura  Search 


A literature  search  relative  to  catalyst  breakup  phenomena 
vaa  made.  The  search  Included  a review  of  both  government  and  non- 
government pertinent  literature  and  was  primarily  baaed  on: 

a Lockheed  Information  Retrieval  Service 

• AP1L1T  National  Retrieval  Service 

• Reports  and  Abstracts  Furnished  by  TRW. 

The  literature  was  reviewed  to  examine  the  available  informa- 
tion on  poealble  mechanisms  which  may  contribute  to  the  degredetlon  of 
Shall  405  hydrealne  monopropellant  catalytic  engines.  These  encompass 
both  internal  (within  catalyst  particles)  and  external  (particle  to 
particle)  phenomena.  The  results,  presented  below,  include  information 
derived  from  hydrealne  monopropellent  engine  studies  and  from  other 
studies  which  are  relevant  to  the  catalyst  degradation  problem. 

3.1.1  Internal  Phenomena 


3. 1.1.1  Reduced  Catalyst 
Internal  Porosity 

The  Internal  porosity  of  a catalyst  pellet  can  affect  the 
Magnitude  of  the  temperatures  and  pressures  built  up  during  reaction, 
which  In  turn,  can  produce  stresses  and  strains  chat  exceed  the 
tolerable  limits  of  the  catalyst  structure.  This  is  particularly 
true  If  the  reaction  taking  place  within  the  catalyst  is  exothermic. 
Prater  (47)  has  shown  that  significantly  higher  temperatures  on 
occur  Inside  a catalyst  particle  relative  to  the  aurface  bulk  fluid 
temperature  during  an  exothermic  reaction.  Reatan  (32)  has  applied 
the  Prater  equation  Co  the  development  of  a specific  model  for  hydra- 
sine  decomposition  in  Shell  405-  The  temperature  and  pressure  gradients 
predicted  by  these  analyses  can  cause  considerable  internal  stresses 
within  the  catalyst  structure.  Furthermore,  extensive  thermal  and 
pressure  gradients  resulting  from  pore  transport  limitations  during 
Start-up  may  be  considerably  higher.  Tills  was  shown  to  be  the  case  in 
stud la a conducted  by  Lee,  et  al  (34)  on  the  stability  of  exothermic 
reactions  in  catalysts  with  transport  limitations. 

Inductions  In  total  pore  volimt  and  changes  in  pore  volume 
distribution  can  impede  the  transfer  of  heat  and  pressure  generated  In 
the  catalyst  interstices.  Several  references  esn  be  found  to  show 
how  exposure  of  supported  catalyst*  to  elevated  temperature  cause* 
deleterious  changes  in  available  micropore  volume  and  pore  distribution. 
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For  example,  studies  by  Levy  (351  Shachner  (60)  and  Benesi,  (3)  show 
how  commercial  alumina  pellets  exposed  to  high  temperatures,  undergo 
a large  reduction  in  number  of  micropores  along  with  reductions  in 
surface  area.  Sintering  is  seen  to  convert  several  small  pores  into 
fewer  larger  ones  such  that  the  total  pore  volume  is  relatively  unchanged. 
Such  changes  have  been  shown  to  increase  the  overall  density  of  the 
catalyst  particle,  cause  blockage  of  available  active  sites  and  result  in 
increased  thermal  and  pressure  stresses. 

Sayer  and  Southern  (75)  suggest  that  the  rapid  decrease 
observed  in  the  surface  area  of  a CNESR0-1  hydrazine  catalyst  substrate 
at  temperatures  in  excess  of  1000DC  was  due  to  a phase  change  from  the 
gamma  alumina  to  the  alpha  alumina.  However,  even  if  such  is  the  case, 
the  CMESR0-1  catalyst  is  based  on  a Y-*lun»lna  which  is  prepared  from 
aluminum  oonohydrate  (boehmite)  while  ttie  y -alumina  used  for  Shell  405 
support  is  prepared  from  alpha  aluminum  crihydrate  (gibbsite).  Their 
results  are  thus  not  directly  applicable  to  the  behavior  of  Shell  405 
at  elevated  temperature  but  are  nevertheless  of  interest  to  the  pres- 
ent problem. 

Papmahl  and  Rose  (86)  have  shown,  by  microscopic  ecamination 
how  catalyst  pores  could  be  clogged  with  fines  formed  when  portions  of 
the  catalyst  pellets  are  crushed  or  attrited.  Such  possible  clogging 
of  internal  catalyst  pores  could  contribute  to  increased  pressure 
build-up  within  the  Shell  405  catalyst  and  subsequent  accelerated 
catalyst  failure. 

In  addition,  it  has  been  shown  that  exposure  of  a supported  metal 
catalyst  to  rapid  and  high  temperature  changes  can  cause  extensive 
migration  and  growth  of  metal  crystallites  such  that  micropore  blockage 
can  occur.  The  work  of  Ruchenstein  and  Petty  (53)  has  shown  this  to 
be  the  case  for  alumina  supported  platinum  catalysts.  Localized  high 
temperatures,  ach ieved  in  a catalyst  pellet  at  crystallite  sites,  were 
found  to  cause  growth  and  agglomeration  of  platinum  crystallites#  In 
some  cases  the  transient  temperature  spikes  were  believed  to  cause 
possible  detachment  of  clusters  of  crystallites.  These  processes  could 
be  even  more  severe  in  a catalyst  such  as  Shell  405  which  has  an  extensive 
amount  (#30  vt.  7.)  of  dispersed  metal  (iridiu-)  throughout  the  catalyst 
structure. 


3. 1.1. 2 Presence  of  Adsorbed  Species 

The  literature  contains  numerous  references  showing  how  the 
adsorption  of  certain  molecular  species,  present  in  the  reactive  system, 
can  Interfeie  with  reaction  rates  and  reduce  the  activity  of  heterogeneous 
catalyzed  systems.  In  most  cases,  loss  of  catalyst  activity  for  the 
intended  reaction  occurs  because  active  catalyst  sites  are  permanently 
or  temporarily  occuppicd  by  adsorbed  species,  thus  rendering  them 
unavailable  for  the  intended  reaction.  However,  in  certain  specific 
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cases,  the  adsorbed  species  can  itself  participate  in  processes  which 
destroy  the  catalyst  structure-  The  classic  of  this  phenomenon  la 

the  adsorption  of  H2O  on  alumina  substrates  at  high  temperatures.  The 
ataorbed  H2O  is  seen  to  catalyze  transformations  that  rapidly  reduces 
the  aubatrate  surface  area  and  micropore  volume  (35) (55). 

Adsorption  related  processes  can  have  deleterious  effects  on  the 
performance  of  Shell  405-  Kesten  (3)  has  reported  that  exposure  of 
Shall  405  catalyst  to  cold,  high  pressure  decomposition  products  can 
result  in  the  adsorption  of  H2  and  NHj-  The  adsorption  of  these  gases 
was  seen  as  reducing  the  start-up  activity  of  the  catalyst  and  contributing 
to  large  particle  pressure  build-up.  Pressure  build-up  within  the 
particle  pores  results  from  the  interaction  of  temporary  lost  catalyst 
activity  (from  adiorption  of  NH^  and  H2)  and  liquid  hydrazine  flooding  of 
catalyst  pores.  This  Is  considered  more  fully  in  the  paragraphs  discussing 
blocksge  of  outer  pores  by  liquid  hydrazine.  Studies  by  Sayer  (59)  and 
Vood  and  Bryant  (71)  also  support  the  theory  of  considerable  ammonia 
and  hydrogen  adsorption  on  Shell  405  with  subsequent  loss  of  available 
activity  for  low  temperature  starts.  Their  work  also  supported  the 
observations  chat  the  adsorption  was  reversible  and  that  once  the  catalyst 
temperature  was  elevated,  desorption  of  NH3  and  H2  would  take  place. 

However,  cumulative  physical  adsorption  of  reac t ion  products  could 
conceivably  reduce  catalyst  activity  to  a point  where  low  temperature 
starts  would  no  longer  be  possible. 

More  severe  deleterious  adsorption  effects  with  Shell  405  can 
occur  with  chemical  species  such  as  halogens,  oxygen  and  H2O. 

McCullough  (37)  has  shown  chst  traces  of  Cl2  in  the  hydrazine  reactor 
system  could  cause  permanent  loss  of  catalyst  activity.  Chlorine  Is 
believed  to  react  with  Iridium  metal  to  form  a volatile  product 
IrClj  whereby  active  metal  sizes  ate  completely  lost  from  the  catalyst 
structure.  This  same  mechanism  has  been  shown  to  be  operable  in  the 
loss  of  activity  of  alumina  supported  platinum  catalyst,  used  in 
reforming  resctlom  in  the  petroleum  Industry  (41).  Cl2  can  result 
from  the  presence  of  trace  quantities  of  halogensted  solvents  such  as  freons 
and  perchloro  ethylene  used  to  clean  hydrazine  thruster  hardware 
components  (37)  . 

In  a similar  fashion,  oxygen  can  react  with  iridium  metals 
under  certain  conditions  resulting  in  conversion  to  volatile  Ir03 
and  IrO'2 . This  process  can  result  in  both  loss  of  iridium  metal 
from  the  catalyst  structure  and  Iridium  crystallite  growth  bach 
resulting  in  reduced  hydrazine  decomposition  activLty.  This  mechanism 
baa  been  shown  to  be  responsible  for  Che  loss  of  supported  lrldtua- 
rothenlun  catalyst  activity  in  automobile  catalytic  converters,  as 
well  as  other  high  temperature  applications  (38). 
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As  indicated  in  previous  paragraphs,  the  adsorption  of  water 
on  alumina  surfaces  has  been  found  to  rapidly  accelerate  high  temperature 
sintering.  Shell  405  utilizes  a gamma- alumina  substrate  as  a support 
for  metallic  iridium  crystallites  and  would  be  expected  to  be  susceptible 
to  this  deleterious  phenomenon.  This  has  been  confirmed  in  Shell  405 
life  test  studies  conducted  by  Boge  (67).  Rapid  loss  in  catalyst 
area  was  found  to  take  place  when  sintering  occurred  in  a nitrogen 
atmosphere  containing  water  vapor.  Effects  of  trace  water  may  have 
similar  though  lower  magnitude  effects. 

Trace  water  vapor  may  enter  the  hydrazine  thruster  system  by 
adsorption  on  the  Shell  405  catalyst  surface  during  preparation,  from 
contamination  in  the  hydrazine  itself,  or  by  chemical  reaction.  Brooks  (5) 
has  reported  that  water  vapor  can  be  formed  by  the  reaction  of  adsorbed 
02  vith  IrH  under  conditions  were  chemisorbed  hydrogen  (formed  during 
reduction  of  the  catalyst  during  preparation  or  in  subsequent  hydrazine 
decomposition)  is  left  on  the  catalyst  surface.  These  sources  of  water 
could  contribute  to  degradation  of  Shell  405  catalyst  surface  area  and 
activity  by  the  above  mechanism. 

Carlson  (80)  has  conducted  experiment  al  investigations  relating 
the  low  temperature,  high  vacuum,  hydrazine  ig  lition  properties  of 
Shell  405  catalyst  to  the  concentration  of  adsorbed  gas  species  Including 
02 » N2»  H2  and  NH3  present  on  the  catalyst  surface.  The  results  of 
the  study  indicated  that  hydrogen  could  be  adsorbed  on  Shell  405 
under  high  vacuum  conditions  if  the  reactor  is  cooled  rapidly.  However, 
no  conclusion  was  reached  about  any  adverse  affect  of  adsorbed  hydrogen 
on  ignition  delay  and  catalyst  degradation  phenomena. 

Smith  and  Solomon  (89)  relate  the  catalyst  attrition  mechanism 
In  hydrazine  engines  to  the  irreversible,  dissociative  adsorption  of  hydrazine 
on  catalyst  sites  at  temperatures  below  450“K. 

Paranskli  et  aL  (88)  has  shown  that  the  mechanical  strength' 
of  promoted  alumina  catalysts  and  resistance  to  abrasion  of  catalyst  particles 
vss  reduced  by  the  adsorption  of  water  and  hydrocarbons  on  the  catalyst 
surface.  Similar  effects  may  be  possible  froc  the  adsorption  of 
reaction  products  or  hydrazine  contaminants  during  the  firing  of  hydrazine 
monopropellant  thrusters. 

Thus,  the  adsorption  processes  discussed  above  can  all  contribute 
to  loss  In  special  catalyst  activity.  This  loss  in  activity  in  turn  can 
contribute  to  severe  internal  particle  pressure  build-up  and  subaequent 
fracture  by  interaction  with  the  liquid  hydrazine  blockage  of  pores 
discussed  below. 
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3. 1.1. 3 Blockage  of  Catalyst  External 
Pores  by  Liquid  Hydrazine 

Kesten  (30)  has  proposed  a mechanism  whereby  the  wetting  of 
liquid  hydrazine  on  the  outside  of  porous  Shell  405  catalyst  particles 
can  prevent  decomposition  gases  frum  escaping  the  structure,  thus  causing 
•evere  internal  build-up  of  pressures.  Liquid  hydrazine  is  seen  as  entering 
the  pores  by  capillary  action  and  requiring  very  high  gas  pressures 
for  expulsion.  Where  non-uniform  hydrazine  wetting  occurs,  severe 
pressure  gradients  nn  exist  within  the  particle  Ftructure.  Motion 
picture  studies  of  hydrazine  decomposition  in  a single  particle  by  Ser.giovanni 
end  Kesten  (58)  have  supported  this  theory;  so  have  mathematical  analyses 
conducted  by  the  same  authors  (57). 

The  interactirn  of  this  mechanism  with  loss  of  catalyst  specific 
activity  (produced  by  adsorption  or  diffusional  phenomena  discussed 
above)  can  be  great;  particularly  in  transient  conditions.  Lowered 
catalyst  activity  would  permit  further  penetration  of  the  liquid  hydrazine 
into  the  catalyst  structure,  requiring  greater  internal  press  Tea  for 
expluaion.  Furcher,  if  the  reduction  in  catalyst  activity  due  to  adsorption 
were  not  uniforr,  larger  thermal  gradients  would  be  expected.  These 
effects  would  be  expected  to  be  particularly  pronounced  during  pulse  mode 
opeiatiou,  where  catalyst  particle's  would  be  repeatedly  subjected  to 
cyclic  exposure  to  cold  hydrazine  and  hoc  decomposition  gases. 

These  effects  are  supported  by  the  work  of  Lee  (34)  who  studied 
the  stability  cf  several  exothermic  reactions  in  catalyst  particles  with 
external  transport  limitations.  It  has  also  been  observed  to  occur  in  a 
cumber  of  liquid  phase  heterogeneous  catalytic  industrial  operations. 

Moynihan  and  BJorklund  (82)  have  estimated  the  internal 
pore  pressures  in  Shell  405  resulting  from  hydrazine  adsorption  and 
decomposition  to  be  of  the  order  of  2000  psi.  These  high  pressures  combined 
with  large  thermal  gradients,  were  believed  to  be  responsible  for  catalyat 
breakup  In  their  1 lbf.  test  thrusters. 

Greer  (84)  has  studied  the  low  temperature  (40*F)  atart 
characteristics  of  hydrazine  monoprope 1 lant  engines  using  high  speed  photography 
and  a plexiglass  reactor.  He  concluded  that  cstalyst  attrition  was  primarily 
caused  by  high  pressures  generated  with  in  the  catalyst  rather  than  from 
large  chembet  pressure  spikes. 

On  the  other  hand .BasmodJ ien 1 s (87)  theoretical  analysis  of 
pressures  arising  in  both  the  macropore  and  micropore  networks  of 
catalyst  pellets  during  the  rapid  venting  of  high  pressure,  fixed  bed  reactors 
leads  to  the  conclusion  that  rapid  pressure  release  should  not  result 
in  damage  t'  the  pellets  since  the  pressure  in  the  pellet  closely 
approaches  that  of  the  rr actor  void  space.  However,  Basmadjians  analysis 
does  not  consider  gss  generation  by  chemical  reaction  in  the  microporea 
and  its  applicability  to  the  nydrazine  thruster  situation  is  limited. 
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3.1. 1.4  Thermal  Strass  Fracture 


In  addition  to  the  phenomena  discussed  above,  the  catalyst  breakup 
aodel  1 Deludes  the  effects  of  thermal  stress  fracture  as  a process  which 
Itself  can  contribute  to  catalyst  particles.  From  this  etandpoint,  it  la  useful 
to  consider  the  basic  composition  of  the  Shell  405  catalyst  from  a strength 
of  ataterlals,  structural,  point  of  view.  Shell  405  consists  of  a composite 
Structural  system  of  a continuous  (chough  porous)  phase  of  gaoma  alumina 
vlth  large  amounts  of  iridium  ("c;  30  ut . *.)  metal  located  in  the  pore 
Interstices.  Physical  properties  of  these  materials  are  compared  in  Table  3- 
1.  Alumina  is  a refractory  oxide  having  a very  low  thermal  conductivity. 

Iridium  Is  a metal  having  a high  thermal  conductivity. 

Table  3-1 


Physical  Properties  of  Iridium  and  Sintered  Alumina 


Property 

Iridium 

S'ntered 

Alumina 

Thermal  Conductivity 
cals  /cm-  sec 

. 36 

.02-. 01 

Linear  Coefficient  of 
thermal  expansion 
in/in/°F 

6.5  x 10-6 

3.9  x 10‘6 

Compressive  Strength,  psi 

4 x 105 

Tensile  strength,  psi 

3.2  x 103 

4 x 104 

Youngs  modulus,  psi 

6 x 105 

5 x 107 

Though  the  linear  thermal  coefficients  ot  expansion  are  not  too  dissimilar, 
significant  local  thermal  stresses,  resulting  from  temperatuic  differences 
at  the  iridium  alumina  boundaries  during  start-up  conditions,  vould  be 
expected.  This  is  due  to  the  fact  that  the  local  heat  fluxes  produced 
at  the  catalyst  active  sites  would  be  transferred  more  rapidly  into  tha 
much  more  thermally  conductive  Iridium  than  to  the  alumina.  Furthermore, 
during  pulse  mode  operation,  metal  active  sites  would  tend  to  be  surrounded 
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by  hot  decomposition  gates,  while  exterior  alumina  pore  walls  would  tend 
to  he  In  contact  with  the  cold,  liquid  hydras  Ice  feed.  This  would  further 
enhance  transient  differential  thermal  stresses.  Large  transient  local 
temperature  gradients  at  metal  active  sites.  In  porous  alumina  substrates, 
have  been  predicted  by  the  work  of  Ruchenstein  and  Petty  (S3). 

In  this  connection.  It  should  be  acknowledged  that  the  analyses  of 
Prater  (47)  and  Kesten  (31)  (which  predict  much  lower  temperature  gradients 
for  exothermic  reactions  occurring  within  catalyst  particles)  arc  steady* 
State  treatments  and  do  not  take  into  consideration  local  transient 
conditions.  Ruchenstein  and  Petty's  work  (53)  show  that  transient 
phenoaw  na,  such  a*  t',.c  propagation  velocity  of  the  heat  flux,  must  be 
taken  Into  account  to  accurately  describe  the  temperature  fields  Inside 
• catalyst  particle. 

In  a recent  paper,  Ruasi  (77)  point's  out  that  differential 
thermal  expansion  was  not  an  lnportant  factor  In  the  degradation  of 
Shell  405.  However,  his  conclusions  were  based  on  heating  catalysts 
to  1800 *y  In  a quartz  cylinder  and  measuring  bed  volume  shrinkage.  The 
problem  of  differential  thermal  expansion  and  thermal  stresses  developed 
within  the  catalyat  particles  during  the  rapid  (mil  sec)  temperature 
change  during  stert-up  was  cot,  however,  addressed - 
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3. 1.1. 5 Catalyat  Contamination 

Tha  present  MIL-SPEC  (MIL-P-26536C,  Amendment  1)  for  mooopropallant 
hydrazine  controls  a large  number  of  potential  contaminants,  namely: 


Contaminant 


Max  Allowed  (X  by  Wt) 


Several  of  the  above  contaminant*  can  potentially  Interfere 
with  the  hydrazine  decomposition  reaction.  However,  no  conclusive  reaulta 
•re  presently  available  as  to  the  deleterious  role  of  specific  contaminants. 
A process  has  been  developed  to  purify  propellant  grade  hydrazine  as 
part  of  the  current  Mars  Lander  Program.  However,  no  specific  evidence 
la  available  which  would  Indicate  that  use  of  such  a propellant  would 
•xtend  the  service  life  of  Shell  405  catalyst. 

Christopher  and  Russell  (81)  have  also  studied  the  effects 
of  adsorbed  hydrazine  contaminants  on  catalyst  life.  Basically,  they 
found  that  the  low  volatile  metal  contaminants  such  as  iron,  chromium 
and  zinc  appear  to  deposit  on  the  catalyst,  filling  the  interstitial 
•paces  around  the  catalyst  grains  «l/or  forming  a coating  over  the 
surface  of  individual  particles.  This  second  mode  of  deposition  may 
result  in  reduced  catslyst  ictlvicy  and  degradation  In  bed  performance. 

Chloride  contamination  of  hydrazine,  results  in  formation  of 
••asonium  chloride.  This  compound  has  a relatively  high  vapor  pressute 
at  the  reactor  operating  temperatures  and  is  not  believed  to  reduce 
catalyst  performance  per  se  (though  condensation  oi  NH4CI  at  the  orifice 
of  a teat  flow  reactor  haa  caused  orifice  clogging). 

Marked  degradation  on  catalyst  performance,  due  to  the 
presence  of  MMH  and  water  in  combination  was  believed  to  have  been  a 
result  of  carbon  monoxide  adsorption.  However,  this  has  r.ot  been  firmly 
established.  The  authors  conclude  that  further  work  on  the  effects 
of  hydrazine  contaminants  on  catalyst  degradation  ia  required  to  more 
fully  understand  their  role. 

Barclay  (83)  reports  that  Shell  405  catalyst  can  be  deactivated 
by  large  quantities  of  IUMH.  This  contamination  results  in  the  fcv-iation 
of  carbon  which  deposits  on  the  catalyst  surface.  However,  his  tests 
require  further  work  to  fully  assess  the  problem  of  carbon  oeposlcion. 

Fredrickson  (72)  reported  observing  the  performance  degradation 
of  Shell  405  in  two  lbf.  engines  subjected  to  86,000  firings  of  static 
teats.  Though  the  propellant  used  in  the  test  program  was  found  to  be 
contaminated  with  about  IT  UDMR.no  conclusions  were  presented  as  to 
any  adverse  effect  of  the  contaminants  upon  the  catalyst. 
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3.1.2  External  Phegoataoa 


3. 1.2.1  Poor  Fuel  Distribution  - Bed 
"Drilling.1'  Hydrazine  Puddling 

Poor  fuel  distribution  can  result  from  the  above  catalyst  particle 
degradation  sources  which  In  turn  lead  to  uneven  pressure  drop  through- 
out the  bed.  Local  formation  of  voids  in  one  part  of  the  bed,  and  blocking 
*>y  fines  in  another,  lead  to  maldistribution  of  the  fuel,  which  in  turn 
leads  to  uneven  distribution  of  pressure  and  stresses  in  the  catalyst 
beds.  This  phenomenon  has  been  shown  tc  contribute  to  catalyst  bed  deg- 
gadatlon  In  several  studies-  In  addition,  Kesten  (33)  has  shown 
that  non-unlform  distribution  of  hydrarine  ir.  catalyst  beds  can  produce 
high  temperature  gradients  under  steady  state  conditions.  More  severe 
thermal  gradients  can  result  from  poor  fuel  distribution  during  transient 
(Start-up)  conditions  in  highly  exothermic  reaction  systems.  This  was 
shown  by  the  work  of  Ruchenstein  and  Petty  (53)  and  Lee  (34). 

The  concept  of  local  hydrazine  "puddling"  would  contribute 
to  high  temperature  and  pressure  gradients  during  start-up.  In  tnls 
concept,  liquid  hydrazine  is  seen  accumulating  In  catalyst  bed  pockets 
where  specific  activity  has  been  impaired  (by  any  of  the  above  discussed 
mechanisms) . When  the  catalyst  temperature  is  sufficiently  elevated  to 
activate  these  bed  pockets,  excess  hydrazine  is  available  and  transient 
■urges  in  pressure  and  temperature  (pressure  and  temperature  shocks) 
occur  which  are  frequently  above  bed  steady  scate  conditions.  Further- 
sure,  the  fact  that  temperature  and  pressure  increases  (spiking)  occur 
very  rspialy  (msecs)  mesns  thst  the  catalyst  particles  are  subjected 
to  severe  impact  loads  which  intensifies  the  bed  breakdown  process. 

3.1. 2.2  Bed  Channeling,  Churning 

and  Settling 

These  phenomena  are  largely  a function  of  catalyst  particle 
break-down  which  leads  to  loss  of  material  and  creation  of  a "loose" 
bed.  In-houae  studies  at  Exxon  have  shown  how  local  fluid  flow  eddies 
can  produce  a "churning"  action  leading  to  increased  particle  to  particle 
abraalon.  The  settling  of  small  catalyst  fragments  ("fines")  in  the 
Interstices  of  the  bed  have  been  observed  to  cause  the  channeling  of 
reactants  In  a number  of  fixed  bed  catalytic  systems-  It  is  particularly 
Important  for  aystems  operating  under  high  pressures  and  high  gas 
velocities. 


Fredrickson  (72)  reported  on  the  performance  of  two  5 lbf. 
engines  subjected  to  86,000  static  firings.  Engine  degradation  was 
indicated  by  excessive  chamber  pressure  oscillations,  and  depressed 
pressure  pulse  shape.  Post  test  observations  revealed  that  80%  and 
501  of  the  upper  bed  catalyst  was  lost  from  the  two  engines  respectively. 
Failure  was  attributed  to  inadequate  catalyst  bed  retention,  which  in 
turn  could  cause  bed  churning  and  catalyst  attrition. 
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Fredrickson  (74)  reported  that  the  loaa  in  thrust  of  an 
S/N  002  monopropellant  hydrazine  thruat  engine  developed  by  Marqurdt 
was  apparently  caused  by  the  formation  of  excessive  fine,  which  decreased 
catalyst  bed  porosity.  However,  no  conclusions  are  presented  aa  to 
the  actual  formation  of  the  fines  during  the  testing. 

3. 1.2. 3 Bed  Eroalon 

Erosion  of  the  Shell  405  catalyst  bed  by  high  velocity  liquid 
or  gaseous  hydrazine  is  also  considered  to  be  a possible  source  of  Shell 
405  degradation. 

However,  preliminary  high  pressure  gas  attrition  tests  at 
Aerospace  by  King  et  nl.  (78)  and  at  Pocket  Research  (79)  indicate  that 
this  may  have  only  a secondary  contribution  to  the  overall  catalyst 
degradation  mechanism. 

3.1.3  Other  Factors 

Other  possible  phenomena  that  could  contribute  to  the 
degradation  process,  include: 

• Catalyst  preparation  hictory 

• Crystal  structure 

• Particle  geometry 

All  can  effect  and  Interact  with  most  of  the  above  mechanisms  as  Indi- 
cated below. 

3 . 1 . 3 . 1 Catalyst  Preparation  Hlatory 

Clearly,  the  way  in  which  the  catalyst  is  prepared  and  the 
quality  control  over  the  preparation  processes  can  be  most  Important. 
Incomplete  removal  of  halides  could  result  in  Iridium  crystallite 
growth  and  migration  as  well  as  loss  through  volatilization;  incomplete 
removal  of  H2O  can  result  in  accelerated  alumina  substrate  desurfaclng 
a*  well  as  destruction  of  the  micropore  structure;  incomplete  catalyst 
reduction  to  impaired  activity  for  start-up.  In  addition,  improper 
pre-attrition  techniques  can  result  in  producing  residual  stresses  in 
the  final  material  which  could  act  as  built  in  latent  sources  of 
mechanical  failure.  A feu  examples  cited  in  the  literature  illustrate 
some  of  the  catalyst  preparation. 

(teuton  (73)  et  al  reports  that  pre-attrition  of  Shell  405 
catalyst  at  the  907.  level  appeared  to  improve  the  cold  start  stabili:y 
of  tie  catalyst  and  recommended  further  evaluation  of  the  technique. 
Pre-attrition  is  believed  to  remove  the  weak  or  stressed,  portions  of 
catalyst  particles  prior  to  firing. 


Tralna  and  Pernicone  (85)  have  ahovn  chat  the  strength  of 
alumina  aupporced  catalysts , aa  well  as  other  catalytic  properties,  were 
very  dependent  on  the  methods  of  preparation  of  the  catalyst  Including 
thermal  treatments  such  aa  drying  and  calcination  and  forming  treatments 
such  as  grinding,  extrusion  and  tabletlng,  etc. 

3. 1.3. 2 Crystal  Structure 

With  regard  to  crystal  structure,  possible  alumina  substrate 
phase  changes  during  operation  could  weaken  the  basic  catalyst  structure. 
However,  In  this  connection,  most  of  the  references  reviewed  In  this 
preliminary  literature  study  indicate  that  gasaa  alumina  undergoes  a 
transformation  to  the  alpha  phase  via  a theta  phase  (54,55).  Trans- 
formation of  the  basic  Shell  405  substrate  gamma  alumina  to  the  alpha 
phase  can  occur  rapidly  in  the  presence  of  certain  contaatlnants  (ouch 
as  HjO,  halides  and  alkaline  earth  metals). 

3. 1.3. 3 Particle  Geometry 

The  effect  of  catalyst  particle  geometry  on  Its  structural 
Stability  has  also  been  shown  to  be  important.  Psranskl  et  al  (45) 
has  described  how  particles  of  nearly  spherical  geometry  rend  to 
reelst  fracture  from  abrasion  and  other  external  forces  better  than 
granules  which  sre  irregular  and  have  a high  "aspect  ratio"  (large 
1/r).  Similar  dependence  of  the  susceptibility  of  fracture  to 
slse  and  shape  are  predicted  by  the  work  of  Chaplin  111)  who  analyzed 
fundamental  stress-strain  patterns  in  granular  material. 

3. 2 Senaltlvlty  Testing 

As  a result  of  the  literature  search  and  other  considerations, 
a number  of  areas  were  chosen  for  experimental  or  analytical  Investiga- 
tion or  both.  These  areas  and  their  method  of  investigation  are  shown 
In  Table  3-3.  Experimental  results  are  described  in  thi3  section  of  the 
report.  Analytical  model  results  are  described  in  Section  4.  Work  was 
carried  out  In  the  areas  of: 

e Caa  Fluid  Dynamic  Erosion 

• Particle  Static  Pressure  Crushing 

e Bed  Static  Pressure  Crushing 

• Particle  Fluidization 

e Liquid  Fluid  Dynamic  Erosion 
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3.2.1  Sensitive,’  Tasting  in  the 

Cog  Fluid  Dyr>»«Hc  Erosion  Area 

The  effect  of  gae  fluirl  dynamic  erosion  was  evaluated  using 
single  catalyst  particles.  This  work,  was  done  using  the  High  Severity 
Gas  Erosion  Tester  (HSGET)  shown  in  Figure  3-1.  The  unit  consists  of  a 
Hevi-Duty  oven  with  three  separate  temperature  controlled  furnaces. 

The  first  two  sections  serve  as  s pre-heater  for  the  flowing  gas.  The 
specimens  are  held  in  the  third  zone.  Nitrogen  was  used  as  the  flowing 
gss.  Individual  particles  and  pellets  were  held  in  specially  construc- 
ted holder  assemblies  fabricated  from  325  mesh  type  304  stainless  steel 
screen  (see  Figures  3-2  and  3-3) . Individual  particles  were  photomicro- 
graphed,  vacuum  dried  overnight  and  weighed  both  before  and  after 
exposure  to  hot  flowing  gss  in  the  HSGET  apparatus.  Five  replicate 
samples  were  used  in  etch  run.  Total  exposure  to  nitrogen  at  1700°F 
in  the  HSGET,  which  is  preheated  to  operating  temperatures,  was  one 
hour.  Variables  investigated  included  superficial  gae  velocity  and 
catalyst  selection  parameters. 

Teats  were  conducted  at  50,  110  and  250  feet  per  second  super- 
ficial gaa  velocity.  All  standard  sizes  of  fresh  Shell  405  catalyst 
were  tested  at  250  fmet  per  second;  the  1/8"  cylinders,  14  to  18  mesh 
granules  and  25  to  30  mesh  granules  were  also  tasted  at  lower  velocities. 
Five  replicate  runs  with  individual  particles  were  made  in  each  case. 
Detailed  data  is  shown  in  the  Appendix.  In  Table  3-4  la  shown  the  average 
absolute  weight  loss  for  each  test  and  in  Table  3-5  the  same  results  are 
reported  on  en  average  percent  weight  loss  basis.  Standard  deviations 
calculated  from  the  replicate  data  on  a percentage  change  in  weight 
basis  are  also  shown  in  the  Appendix  Photomicrographs  of  representa- 
tive particles  (fvo  out  of  five)  for  each  catalyst  size  before  and  after 
exposure  to  the  hot  flowing  gas  st  250  feet  per  second  are  shown  in 
Figures  3-4  to  3-9. 

An  examination  of  the  weight  date  indicates  that  none  of  the 
granular  Shell  405  gss  erosion  tests  stowed  a statistically  significant 
average  percentage  weight  loss  st  any  of  the  gss  velocities  employed. 

This  was  corroborated  by  on  examination  of  photomicrographs  of  particles 
before  and  after  exp< sure  to  hot  flowing  gas,  which  did  not  indlcsta  any 
obvious  change  In  particle  morphology.  In  contrast,  the  1/8"  x 1/8" 
cylindrical  pellets  exhibited  e statistically  significant  (t-tast  at  the 
95X  confidence  limit)  average  percentage  weight  loss  at  all  the  ges 
velocities  employed.  The  overall  average  weight  loas  with  the  cyllndara 
waa  3.  IX.  The  differences  in  the  weight  losses  st  the  different  gea 
velocities  was  not  statistically  significant  at  the  95X  confidence  level 
(t-teet) . 


A statistical  Analysis  of  Variance  was  also  performed  on  re- 
sults from  gas  fluid  dynamic  erosion  tests.  The  calculations  were  per- 
formed using  the  IBM  three  star  analysis  of  variance  (ANOVA)  program- 
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The  luput  decs  end  results  ere  shown  In  the  Appendix.  The  row  variables 
tested  were  1/6"  pellets  versus  25-30  mesh  particles  and  the  column 
variable  tested  was  superficial  velocity  at  three  levels  for  the  two 
catalyst  sizes.  Five  replicates  at  each  condition  was  Included.  F- 
tests  on  the  mean  squares  using  the  replicate  sum  of  squares  results 
for  the  denominator  term  indicates  that  only  the  row  effect  la  signifi- 
cant at  better  than  the  95X  confidence  level.  Other  factors  and 
Interactions  were  not  significant  using  this  criteria.  This  analysis 
agrees  with  the  previous  conclusion  based  on  t-testa  of  the  Individual 
seta  of  data  that  the  1/8"  pellets  exhibited  a significant  weight  loss 
whereas  the  granular  material  did  not  and  that  this  weight  loss  did  not 
vary  aignif icantly  with  gas  velocity. 

Although  it  is  not  clear  why  only  the  cylindrical  pellets 
exhibited  a weight  loss,  it  is  interesting  to  speculate  on  possible 
causes.  The  granular  Shell  405  catalyst  is  smaller  in  size  than  the 
1/8"  x 1/8"  cylinders  and  has  a "rounded"  geometry  resulting  from  the 
attrition  procedure.  The  granules  are  also  prepared  from  a different 
alumina  source  than  the  cylinders.  Thus,  the  weight  loss  may  not  be 
tba  result  of  gas  erosion  per  se,  but  simply  reflect  a loss  of  volatile 
material  peculiar  to  the  cylindrical  catalyst  as  a result  of  heating  to 
1700*F  in  nitrogen.  This  volatile  loss  would  involve  a non-water  materi- 
al as  the  pellets  are  adjusted  to  a common  water  level  before  weighting 
both  before  end  after  exposure  to  hot  flowing  gas.  Many  cumuarcial 
pelletized  catalysts  exhibit  a weight  loss  upon  heating  to  temperatures 
in  the  range  of  1700”?  (91).  The  fact  that  the  weight  loss  did  not  vary 
with  gas  velocity  over  the  range  of  50  to  250  feet  per  second  would  tend 
to  corroborate  this  interpretation.  It  is  also  possible  that  this  dif- 
ference resulted  from  the  geometry  of  the  pellet3  and  particles  them- 
selves. In  the  HSCET  test  with  the  cylindrical  pellets,  the  flowing  gas 
impinged  on  the  face  of  the  cylinder,  rather  than  on  Its  side.  This 
suggests  the  possibility  that  the  cylindrical  pellets  experienced  some 
erosion  as  a result  of  the  formation  of  a turbulent  wake,  which  did  not 
develop  to  the  same  extent  with  the  more  streamlined,  smaller  granular 
particles. 


Moat  important,  however.  Is  the  fact  that  the  granular  Shell 
405  catalysts  did  not  exhibit  any  significant  weight  loss  even  after 
exposure  to  gas  velocities  as  high  as  250  feet  per  second  for  one  hour. 
These  results  indicate  that  gas  fluid  dynamic  erosion  per  as  is  not  s 
major  contributor  to  the  degradation  of  individual  catalyst  particles. 

3.2.2  Sensitivity  Testing  in  the  Particle 
Static  Pressure  Crushing  Area 

Particle  pressure  crushing  studies  were  carried  out  in  the 
Instron  Tasting  Instrument  (1TI)  shown  in  a schematic  form  in  Figure  10. 
Individual  catalyst  particles  were  tested  in  the  1T1  on  an  a«-la-basla 
so  as  not  to  alter  their  characteristics.  Results,  thus,  are  to  ba 
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considered  as  a crushing  strength  rather  than  a compressive  atrangth 
and  have  merit  on  a relative  rather  than  an  abeolute  basis.  This  is 
particularly  true  of  the  granular  mash  site  catalyst  specimens  since 
they  have  a non-cylindrical  geometry  and  thus  do  net  provide  parallel 
loading  forces  whan  tested  in  the  1TI.  The  use  of  replicate  tasting 
and  statistical  techniques  were  employed  In  order  to  provide  as  firm  a 
basis  for  analysing  the  data  as  possible. 

Work,  on  the  following  factors  was  carried  out: 

• Catalyst  selection  parameters,  i.e.,  different 
catalyst  sizes- 

• Effect  of  thruster  exposure. 

a Effect  of  water  level. 

Prior  to  carrying  out  the  catalyst  selection  parameters  work, 
a study  was  made  of  a possible  effect  of  catalyst  moisture  content  on 
the  average  crushing  strength.  Consultant  discussions  indicated  that 
such  an  effect  might  either  (1)  be  an  artifact  affecting  the  meaaurmaent 
(e.g.,  by  causing  particles  to  stove  horizontally  during  the  test),  or 
(2)  could  reflect  an  effect  of  the  strongly  bound  water  in  the  small 
angstrom  sire  pores  of  the  alumina.  A mil  effect  of  water  content  on 
the  crushing  strength  of  alumina  based  hydrotreating  catalysts  were  re- 
cently reported  in  the  literature  (92).  Thus,  In  addition  to  a possible 
variable  influencing  ITI  measurement  results,  such  an  affect  could  have 
significant  bearing  on  interpreting  crush  strength  results  since  a 
catalyst  after  its  initial  firing  in  a space  environment  would  be  ex- 
pected to  have  a very  low  moisture  content.  For  this  study,  Fresh  Shell 
405  1/8"  cylinders  and  14-18  mesh  catalyst  were  oat "oyed  along  with 
UarshaM  AL1602  alumina  1/8"  cylinders.  The  specimens  were  tested  (1)  aa- 
ls,  (2)  after  drying  in  a vacuum  oven  and  (3)  after  saturation  by  water 
vapor  at  80*F.  Replicate  teats  with  sample  sizes  of  up  to  15  tests  were 
employed.  Results  of  this  study  are  shown  in  Table  3-6.  Detailed  date 
axe  contained  in  the  Appendix. 

An  examination  of  the  average  crushing  strengths  in  Table  3-6 
indicated  no  obvious  effect  of  water  level  on  both  the  Shell  405  catalyst 
cylinders  and  mesh  granules  and  the  Uarshaw  alumina  cylinders.  Statis- 
tical t-teats  on  the  variations  of  maana  for  sach  material  indicated  they 
were  not  statistically  different.  An  examination  of  the  standard  devia- 
tions Indicates  that  the  vacuum  oven  dried  material  in  all  three  cease 
had  a higher  standard  deviation  than  the  as-is  and  water  saturated 
samples.  Statistical  F-tecte  on  these  differences  in  variances  indicated 
that  none  of  these  differences  were  significant  at  the  95Z  confidence 
level. 
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Table  3-6 


Investigation  of  the  Possible  Effect  of  Specimen 
Water  Content  on  i'll  Crush  Strength  Measurement 


Average  Crush 
Strength  lbs 


"As  Ie,,Ca) 

Dried  In 
Vacuue 
Oven (b ) 

34.4 

34.9 

10 

15 

6.08 

7.54 

1.99 

1.59 

5 

10 

.85 

.98 

26.6 

28.8 

10 

10 

5.65 

9.42 

The  data  obtained  with  the  1/8"  cylinders  and  14-18  mesh  fresh 
Shell  405  at  various  water  levels  was  pooled  into  a single  net  of  data 
and  an  average  crushing  strength  and  standard  deviation  calculated  for 
the  resultant  sample  size  of  40  and  25  replicate  measurements,  respectively 
Twenty-five  replicate  measurements  were  also  made  on  other  mesh  size 
Shell  405  catalyst.  Results  of  these  tests  are  shown  in  Table  3-7.  As 
would  be  expected  because  of  geometric  effects,  the  standard  deviations 
of  the  granular  specimens  are  much  larger  compared  to  their  mean  value. 

This  is  shown  below. 


Spec Imen 


Standard  Deviation  as 
X of  Average  Crushing  Strength 


• 1/8"  x 1/8"  cylinders 


Fresh  Shell  405 

19.0 

A1  1602  A1 umina 

26.0 

Fresh  Shell  405  granules 

8-12  Mesh 

40.1 

14-18  Mesh 

56.6 

20-25  Mesh 

65.1 

25-30  Mesh 

48.2 

20-30  Mesh 

65.0 

In  Table  3-8  are  shown  the  results  of  tests  with  the  various  mesh 
size  of  alumina  support  before  attrition,  while  in  Table  3-9  are  shown  the 
results  on  the  corresponding  material  after  50X  attrition.  In  Table  3-10 
is  shown  a comparison  of  the  effect  of  catalyst  preparation  steps  on 
particle  average  compressive  crushing  strength  of  the  various  sizes  of 
granular  material.  In  Table  3-11  is  shown  a comparison  of  the  cylindrical 
alumina  pellets  before  and  after  iridium  addition.  The  difference  be- 
tween the  average  crushing  strengths  within  a given  size  of  material  were 
aubjected  to  statistical  analysis  (t-tests  at  the  95*  confidence  level) 
to  see  if  these  differences  are  statistically  significant.  A summaty  of 
these  statistical  tests  are  shown  in  Table  3-12. 
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Catalyst  In  tin;  IT1 


Table  3-8 

Particle  Compressive  Strength  0f  Alur 
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(a)  Calculated  from  measured  mean  and  standard  deviation  assuming  a normal  distri- 

nHr  1 rtfl  ° 


of  Alumina  Support  After  SOX  Attrition 


4J  QO 

3 C 
Xi  -H 
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Tab] e 3-11 


Effect  of  Iridiua  Addition  on  Average 
Cogpreaaiye  Crushing  Strength  of  1/8"  x l/8';  Cylinders 


1 

•J 


Table  3-12 


SuMsry  of  Statistical  Testa  on  tha 
Significance  of  Differences  Between  Particle 
Average  Co^raaalve  Crush  lag  Strength 


Slae 

r- 

I*  the  Difference  Statistically  Significant?  (a) 

Comparison  of  Material 
Before  and  After  50X 
Attrltl'  n 

Comparison  of  Material 
Before  awl  After  Metal 
Addition 

1/8"  x 1/8"  cylinder  a 

- 

Mo 

8-12  Mesh 

Yea 

Tea 

14-18  Hash 

Tea 

Mo 

20-25  Hash 

Tea 

Mo 

B&HH 

Mo 

Mo 

20-30  Hash 

Ho 

Mo 

(a)  Bawd  cn  a t-taat  using  tha  Measured  eeana  and  standard  deviations  at  tha  95X 
confidence  level  (single  aided  t-test  at  .025). 
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Ic  can  be  seen  from  examining  Tables  3-10,  11  and  12  that  the 
addition  of  the  iridium  metal  to  the  alumina  support  m general  did  not 
result  in  any  significant  increase  in  particle  crushing  strength.  In 
contrast,  the  use  of  the  attrition  procedure  during  the  preparation  of 
the  catalyst  support  in  general  improves  the  average  crushing  strength, 
with  the  improvement  with  the  larger  granular  sizes  (i.e.,  8-12,  14-18, 
and  20-25  mesh)  being  statistically  significant. 


Mesh  Size 


Increase  in  Crushing  Strength 
of  50Z  Attrited  Support  over 
_ Support  Before  Attrition 


8-12 

14-18 

20-25 

25-30 

20-30 


38Z 

70Z 

84Z 

25Z 

2Z 


These  latter  two  effects  presumably  reflect  the  loss  of  the  weaker  gran- 
ular material  during  both  the  grinding  process  involved  in  the  initial 
mesh  size  selection  and  in  the  attrition  procedure  where  at  least  50Z 
of  the  weaker  material  is  rejected.  In  contrast  to  the  Improvement  in 
average  crush  strength,  as  shown  in  Table  3-13,  the  attrition  procedure 
did  not  improve  the  scatter  in  the  individual  values  (i.e.,  reduce  the 
standard  deviation),  so  that  both  the  attrited  supported  and  the  corre- 
sponding metal  loaded  catalyst  still  have  a relatively  wide  variation 
in  individual  particle  crushing  strengths.  A wide  variation  in  individual 
crushing  strengths  is  deleterious  since  it  means  (as  shown  in  Table  3-7) 
that  an  aggregate  bed  of  individual  particles  will  contain  an  appreciable 
number  of  particles  with  individual  crushing  strengths  much  lower  than 
that  represented  by  the  average  crushing  strength  (50Z  value) . These 
results  suggest  that  preparation  techniques  that  would  reduce  the  stan- 
dard deviation  or  variation  in  individual  crushing  strengths  could  offer 
the  possibility  of  significant  Improvements  in  aggregate  or  bed  per- 
formance. 


A short  study  was  also  made  of  the  effect  of  repeated  loading  on 
the  crushing  strength  of  fresh  Shell  405  catalyst.  This  was  done  by  re- 
peated axial  loading  of  the  1/8"  x 1/8”  cylindrical  Shell  405  catalyst  to 
50Z  of  the  average  compressive  crushing  strength.  Specimens  were  exposed 
to  10,  25,  and  SO  repeated  loadings  and  then  loaded  to  failure  so  as  to 
measure  the  crushing  strength.  Results  of  these  tests  are  shown  in  Table  14. 
Statistical  t-tests  at  the  95Z  confidence  level  indicated  that  none  of 
these  values  are  statistically  different  from  the  mean  value  for  the  catalyst 
which  had  not  been  subjected  to  repeated  loadings. 
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Standard  DtrUtloa  of  Individual 
Crushing  Strength  - lba. 


Maah  Sisa 


Matarlal 

0-12 

1A-18 

20-25 

25-30 

20-30 

Alwartna  wpport 
before  attrition 

1.37 

0.68 

B 

B 

n 

Alualna  support 
after  SOX  attrition 

1.17 

0.86 

0.39 

0.26 

0.28 

Attrltcd  support  aftar 
irldlun  addition 
(fresh  Shall  AOS) 

1.75 

■ 

0.A8 

■ 

0.40 
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Table  3-14 


Effect  of  Multiple  Loading  oq  Coaprsasive  Crushing 
Streoeth  of  Freeh  Shell  403  1/B"  x 1/8”  Cyllndere 


Ranker  of 

repeated  coapresaive 

load Inge  (a)  Coapresaive  Crushing  Strength,  lbs. 


0 

34.8 

10 

34.9 

(*>) 

25 

42.0 

(b) 

SO 

35.8 

(b) 

(e)  Cylindrical  pellet  axially  loaded  repeatedly  to  50Z  of  average 
failure  coepressive  crushing  strength  followed  by  complete 
pressure  release,  then  loaded  to  failure  to  aeasure  crushing 
strength. 


G>) 


Hot  statistically  different  froa  Been  value  for  no  repeated 
loading  based  on  a t-teat  at  the  95%  confidence  Halt  using 
the  asasured  standard  deviation  value  for  fraeh  Shell  405 
l/«"  z 1/8“  cylinders. 
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A ouaber  of  specimens  of  Shall  405  catalyst  used  In  thrusters  were 
node  available  by  TKW.  Seales  were  taken  from  this  asterlel  and 
tested  In  tbs  HI.  A comparison  of  the  crushing  strength  properties 
of  these  catalysts  exposed  to  a hydraxine  catalyst  chamber  environment 
versus  corresponding  fresh  catalyst  properties  la  shown  in  Table  3-15.  a 
comparison  of  results  from  a 14-18  mesh  sample  exposed  to  250  seconds  of 
steady  state  firing  spread  over  51  cold  starte  against  results  from  a 
fresh  catalyst  shows  no  significant  difference  In  either  average  crushing 
strength  or  the  variance  (standard  deviation)  of  the  strengths  (based  on 
a t-test  end  an  F-tust  respectively).  In  contrast,  the  used  1/8”  cylindrical 
catalyst  pellets  showed  a much  lower  average  crush  strength  axel  larger 
variation  in  individual  particle  crush  strengths  than  did  the  fresh  cyllmlera. 
A t-test  on  the  difference  between  the  two  means  was  significant  at  the 
95*  confidence  level  (calculated  t-test  - 3.42;  t^j,  .025  - 2.02). 

Similarly  an  F-test  on  the  two  variances  indicated  the  difference  y 
significant  at  the  rSX  confidence  level  (calculated  F-test  - 3.02; 

*10, 40, .05  “ 2,08)* 


Two  samples  of  used  IS- 20  mesh  Shall  405  catalyst  were  also 
received  from  TRW.  The  first  a«ple  was  taken  from  the  downstream  portion 
of  the  bed  in  s 5 lb  thruster  which  saw  84,000  pulses.  The  second  sasple 
was  taken  from  the  upper  portion  of  the  bed  near  the  injector  of  a 5 lb 
thruster  which  saw  210,000  pulses.  Results  of  1T1  measurements  on  particles 
taken  from  these  samples  are  shown  in  Table  3-16.  Surprisingly  the  catalyst 
exposed  to  the  higher  number  of  pulses  near  the  injector  section  of  the 
bed  had  the  higher  average  crush  strength.  A statistical  t-teet  on  the 
difference  between  these  two  means  was  significant  st  the  952  confidence 
level  (calculated  t-test  • 2.61;  tig,. 025  " 2.10).  Similarly  an  F-test 
on  the  difference  between  the  variances  (standard  deviations)  of  these  two 
samples  was  also  significant  at  the  952  confidence  level  (calculated  F-teet  « 
4.16;  »'  in  - 2.98).  Although  no  freeh  18  to  20  mesh  Shell  405  particulates 
were  te?rt%'Jr,,Tsn5lrterpelatioa  of  the  c?t»  contained  TaM*  “*-7  suggests  that 
such  a mesh  sire  would  havs  an  average  crushing  screngtn  of  approximately  1 
pound.  This  suggests  chat  the  downstream  bed  saaples  exposed  to  94,000  pulses 
(Sample  1,  Table  3-16)  havs  suffered  a loss  in  particle  crushing  strength, 
whereas  the  upper  bed  samples  exposed  to  210,000  pulses  (Sample  2,  Table  3-16) 
did  not. 


In  general,  tbo  rasulln  suggest  Chat  exposure  to  a thruster  environment 
can  wwae  chaagsa  in  particle  crush  strength.  Particularly  damaging  is  the 
wlvuatiou  wher*  both  th*  «mas  crush  etrsagth  decreases  and  the  standard 
deviation  of  the  crush  atieng.h  values  increases,  the  net  result  of  which 
is  a sharp  lacrosse  in  the  pevc^ntcg*  of  wry  w*«k  pertlcLss. 
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Table  3-15 

Coap&rleon  of  Particle  Crushing  Strength 
of  Fresh  Versus  Used  Shell  403  Catalyst 


Fresh 


1/8*'  x 1/8" 

Average  Crushing 
Strength,  lbs. 

54.8 

21.9<a) 

AO 

10 

Standard  Deviation 
lbs 

6.62 

11.5 

14-18  Mesh 

Average  Crushing 
Strength,  lbs 

1.50 

1.72(b) 

Sample  Size 

25 

io  H 

Standard  Deviation 

0.85 

0.99 

(a)  TRW  sample.  Detailed  history  not  available,  however, 
estimated  at  a few  thousand  seconds  steady  state  operation 

(b)  TRW  sample.  Approximately  250  seconds  of  steady  state 
firing  apraad  over  51  cold  starts. 


Table  3-16 


Comparison  of  Particle  Crushing  Strength  of 
Two  Saar lea  of  Uaed  18-20  He ah  Shell  405  Catalysts 


Sample  History 


Average  Crushing 
Strength,  lb«(*) 


Sample  Size 


Standard  Deviation 
lbe. 


TRW  Sample. 

84,000  pulses  In  5 Ibf 
thruster  In  Nerves  be  r 1972 
Saaple  from  downs tren 
end  of  bed. 


TRW  Sample. 

210,000  pulses  In  5 lbf 
thruster  in  August  1973 
Sample  from  upper 
portion  of  bed  near  the 
Injector. 


(a)  Samples  dried  in  vacuum  oven  overnight  at  110*C  and  120  am  Hg 
Total  pressure. 
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3.2.3  Sensitivity  Testing  in 
the  Bed  Crushing  Area 


Sensitivity  tests  involving  the  static  pressure  crushing  of  a small 
had  of  granular  catalyst  were  added  to  the  program.  Because  of  uncertainties 
in  available  20-25  mesh  results,  data  from  this  mesh  size  fresh  Shell  405 
catalyst  was  emphasized.  Data  wes  also  obtained  with  25-30  mesh  material. 

The  data  was  obtained  using  the  Pressure  Crushing  Mini -Bed  (POiB)  shown  in  a 
schematic  in  Figure  3-11.  For  the  mesh  sizes  employed  this  apparatus  provides 
a ratio  of  bed  diameter  to  particle  diameter  ranging  from  approximately  8 to 
10.  Sufficient  catalyst  was  employed  to  yield  bed  depths  ranging  from  3/4  to 
1 inch,  which  resulted  in  ratios  of  bed  length  to  bed  diameter  ranging  from 
3 to  4.  The  PCMB  was  axially  loaded  in  compression  using  the  Instron  Instru- 
ment (ITI ) . 

The  following  procedure  was  adopted  in  obtaining  the  data.  The 
fresh  Shell  405  catalyst  was  first  screened  and  any  material  outside  the 
cited  mesh  size  was  rejected.  Approximately  0.9  to  1.0  g of  proper  mesh 
size  catalyst  was  charged  to  the  reactor,  and  the  reactor  tapped  until  the  bed 
settled  to  a constant  volume.  The  movable  upper  assembly  was  placed  in  the 
PCMB  and  a sequential  series  of  measurements  was  made  with  ihe  same  cample 
at  progressively  higher  bed  pressures.  Two  series  of  runs  were  made  with  the 
20  to  25  mesh  catalyst,  the  first  at  bed  pressures  of  22,  92,  200,  and  322 
psl,  and  the  second  at  22,  50,  and  100  psi.  A single  run  series  was  made 
with  25  to  30  mesh  fresh  Shell  405  at  bed  pressures  of  25,  45,  98,  204,  and 
324  psi.  In  the  sequential  run  series  the  bed  is  loaded  to  the  lowest  bed 
pressure  first  and  then  held  under  this  load  for  20  minutes.  The  load  is 
removed  and  the  bed  contents  screened  and  the  weight  of  the  resultant  fractions 
determined.  The  reactor  is  then  repacked  with  the  surviving  original  mesh 
size  material  and  tapped  to  constant  volume.  The  I’CMB  is  first  loaded  to 
the  initial  pressure  load  and  held  for  ten  minutes,  then  loaded  to  the  second 
highest  bed  pressure  and  held  there  for  20  minutes.  The  load  is  then  removed 
and  the  bed  contents  screened  and  weighed.  As  the  surviving  bed  material 
is  subjected  to  higher  and  higher  pressures,  it  is  always  loaded  in  sequence 
to  the  previous  loads  employed  and  held  at  these  loads  for  10  minuces  prior 
to  a 20  minute  loading  time  at  the  higher  pressure.  Detailed  data  obtained 
from  the  sequential  runs  are  shown  in  i:he  appendix. 

Por  the  runs  with  20  to  25  mesh  catalyst,  the  on  25  mesh  and 
through  25  mesh  material  was  first  measured,  following  which  the  through  25 
mesh  material  was  further  divided  into  an  on  50  end  through  30  mesh  size  material. 
These  results  are  summarized  in  Tables  17  and  18.  Material  balance*  arc  alao 
shown  for  each  mesh  size  separation.  Excellent  material  balances  were  ob- 
tained, averaging  approximately  99Z.  Results  are  6hown  for  both  individual 
loading  pressure  results,  and  also  on  a cumulative  basis  for  the  sequence 
of  pressures  employed.  In  Figure  3-12  is  plotted  the  '•umulative  weight  per- 
centage of  fresh  Shell  405  through  both  25  and  30  mesh  for  the  pressures 
employed.  In  Figure  3-13  the  through  30  mesh  data  is  plotted  on  an  enlarged 
scale.  /he  exponential  increase  In  the  weight  of  material  through  a given 
meah  size  as  pressure  is  increased  as  shown  in  Figure  3-12  Is  characteristic  of 
the  general  experience  with  catalysts  under  pressure  loading. 


60 


Figure  3-17 


Fines  Production  with  Sequential  Mini-Bed 
Compressive  Crushing  of  20-25  Mesh 
Fresh  Shell  405  Catalyst 


• 

2 

Bed  Pressure,  lb/in 

22 

50 

99 

ndividual 

asurement 

Vt.  Z on 
25  Mesh 

98.30 

98.73 

96.23 

Wt.  Z Through 
25  Mesh 

1.70 

1.27 

3.77 

Material  Balance,  Z 

100.1 

99.8 

100.0 

Cumulative  Wt.  Z 
Through  25  Mesh 

1.70 

2.97 

6.74 

Individual 

Measurement 

Wt.  Z on 
30  Mesh 

1.19 

1.04 

3.73 

Wt.  Z Through 
30  Mesh 

m 

0.23 

0.04 

Material  Balance,  Z 

97.5 

97.4 

100.0 

Cumulative  Wt.  Z 
Through  30  Mesh 

0.51 

0.74 

0.78 

Percentages  are  all  based  on  the  weight  of  starting  20-25  mesh 
Material.  Material  balances  are  equal  to  recovered  weight 
divided  by  starting  weight  x 100  for  given  separation. 
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figure  3-18 

Fines  Production  with  Sequential  Mini-Bed 
Compressive  Crushiag  of  20-25  Mesh 
Fresh  Shell  405  Catalyst 


Bed  Pressure,  lb/lo^ 

1 

21.9 

91.8 

200 

322 

Wt.  X on 
25  Mesh 

95.69 

97.19 

97.09 

65.88 

- 

r-4  4J 

3 £ 
2 E 

a $ 
■§  s 

Wt.  Z Through 
25  Mesh 

l 

A. 31 

2.81 

2.91 

3A.12 

J 

a 

] 

Material  Balance,  Z 

100.9 

SS.9 

S9.6  ■ 

97.  A 

i 

% 

N 

Cumulative  Ut.  X 
Through  25  Mesh 

A. 31 

7.12 

10.03 

44.15 

' > 
"s 

Vt.  Z on 
30  Mesh 

A.OA 

2.69 

1.96 

11.68 

i 

i 

i 

j 

1 

4 

Is 

IS 

■S  3 

Wt.  Z Through 
30  Mesh 

0.2? 

0.12 

0.95 

22.44 

3 

H *> 

X 

Material  Balance,  Z 

100.0 

99. 8 

100.0 

95.1 

\ 

i 

Cuaulative  Ut.  Z 
Through  30  Mesh 

0.27 

04  39 

!•  34 

23.78 

I Percentages  are  all  based  on  weight  of  starting  20-25  mesh  catalyst. 
I Material  balances  are  equal  to  recovered  weight  divided  by  starting 
p weight  x 100  for  given  separation. 
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Sequential  Mini-Bed  Crushing  of  20-25  M**h 
Fresh  Shell  405  Cstslyst 


I 


Results  for  Che  run  with  25  to  30  mesh  fresh  Shell  405  sre 
shown  In  Table  3-19.  For  this  run,  there  was  only  sufficient  materiel 
for  an  accurate  on  35  mesh  through  35  mesh  separation  at  the  highest 
pressure  employed  (i.e.,  324  psi) . Figure  3-14  are  plotted  Che  cumu- 

lative weight  percentages  through  30  mesh  obtained  at  the  various 
pressures,  along  with  an  estimate  of  the  corresponding  through  35  mesh 
material . 

The  results  of  these  tests  indicate  that  20-25  mesh  Shell  405 
catalyst  exhibits  s reduction  In  particle  size  at  low  pressures  (i.e., 
below  100  pal).  At  100  psi  with  the  20-25  mesh  catalyst,  7 wt.  Z of 
material  exhibits  a measurable  size  reduction  (i.e.,  passes  through  25 
mesh)  while  0.8  wt.  Z of  the  material  passes  through  the  next  lowest 
mesh  size  (I.e.,  30  mesh).  In  contrast,  with  the  25  to  30  mesh  material 
at  100  psi  only  0.8  wt.  Z exhibits  any  size  reduction  (i.e.,  passes 
through  30  mesh)  while  the  material  passing  through  the  next  lowest 
mesh  size  (i.e.,  35  mesh)  was  too  lev  to  accurately  measure. 

3.2.4  Sensitivity  Testing  in  the 
Particle  Fluidization  Area 

Sensitivity  tests  in  the  particle  fluidization  area  were  carried 
out.  In  the  terminology  used  by  engineers  who  design  fixed  bed  catalytic 
reactors,  bed  fluidization  simply  implies  any  movement  of  catalyst  parti- 
cles as  a result  of  gas  flow  either  in  void  spaces  Inadvertantly  formed 
within  the  bed  or  in  a contiguous  volume  such  a s the  inlet  sections  above 
th..  catalyst  bed  where  either  catalyst  particles  or  the  ceramic  distri- 
buter balls  which  are  used  could  experience  movement.  Commercial  exper- 
ience with  fixed  beds  indicate  that  once  bed  fluidization  begins  catalyst 
degradation  by  impact  fracture  and  particle  to  particle  abrasion  is  gen- 
erally quite  serious  and  often  catastrophic.  Thus , design  practice  is 
aimed  at  identifying  conditions  to  avoid  bed  fluidization  via  control  of 
injector  design  and  flow  rates  to  avoid  incipient  bed  fluidization  velo- 
cities. 


Incipient  particle  movement  velocities  of  various  granular  Shell 
405  catalyst  were  measured  in  the  modified  ILBET  apparatus  shown  in  s 
schematic  in  Figure  3-15.  Thii  unit  employs  a simple  right  angle,  center 
axis,  cylindrical  pipe  gas  inlet.  The  scaling  parameters  (i.e.,  the 
ratio  of  the  dimensions  of  the  vessel,  pipe  gas  inlet,  catalyst  particles, 
separation  distance  between  bed  and  inlet,  and  bed  depth)  employed  sre 
lloted  in  Table  3-20,  along  with  typical  values  employed  in  larger  equip- 
ment used  to  establish  commercial  design  criteria.  It  can  be  seen  that, 
lu  general,  the  scaling  parameters  are  quite  similar.  The  top  of  the 
catalyst  bed  ie  visually  observed  and  the  incipient  fluidization  velocity 
was  defined  as  the  lowest  velocity  at  which  any  particle  on  tbs  top  of 
the  bed  first  experienced  movement,  so  the  gas  velocity  is  progressively 
increased.  Replicate  measurements  ere  being  made  at  each  set  of  conditions. 
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Individual  Individual 

Xaasurenent  _ Ktaaureawt 


Table  3-19 


Fine*  Production  with  Sequential  Mini-Bed 
Coapraaalve  Crushing  of  25-30  Meab 

Preeh  Shell  405  Catalyat  


led  Preaaure,  lb/in2 


VC.  Z on 
30  Heeh 


VC.  Z Through 

V)  Mesh 


Ctnaxlativa  tft.  X 

through  30  Mash 


VC.  Z on 

35  Meah 


Wt.  Z Through 
35  Mesh 


44.9 

97.9 

99.93 

99.75 

0.07 

0.25 

100.1 

99.9 

0.54 

0.79 

Material  Balance,  Z 


Percentages  are  all  baaed  on  weight  of  atartlng  25-30  aeah  naterial. 
Material  balance*  are  equal  to  recovered  weight  divided  by  a Carting 
weight  z 100  for  given  aeparatloa. 
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Sequential  Mini-Bed  Crushing 


Range  of  Values 


Scaling 

Parameter  I LB  El'  Used  Typical  Lab 

For  Particle  Vessel  Used  to 

Fluidization  Establish  Coosnerclal 

Design  Practice 


Terminology:  Dv  - inner  diameter  of  bed  vessel 

Do  “ inner  dlawter  of  pipe  type  inlet 
D^  - catalyst  bed  depth 

B • ssparatlon  distance  between  bed  and  inlet 
Dp  - particle  diameter 


Pure  nitrogen,  pure  heliim  and  helium-nitrogen  blends  were  used  to  pro- 
vide date  on  the  effect  of  gee  density.  In  addition  to  the  effect  of 
gas  density,  catalyst  selection  parameters  were  also  Investigated. 

The  minimum  inlet  distributor  superficial  velocity  for  particle 
movement  was  measured  for  fresh  Shell  405  pi  -tlclee  of  8 to  12  mash.  14 
to  18  mesh  end  20  to  30  mash  alse.  The  detailed  date  obtained  with  pure 
helium,  pure  nitrogen,  and  helium-nitrogen  blends  are  shown  in  the 
Appendix.  In  Table  21  is  summarized  the  average  inlet  velocity  and  stand- 
ard deviation  of  the  velocity  determined  from  the  replicate  measurements 
with  pure  nitrogen  and  helium.  These  values  were  determined  from  a sample 
size  of  ten  replicate  measurements.  Statistically  significant  (t-tasts 
at  the  95Z  confidence  level)  differences  exist  between  the  average 
velocities  found  for  the  various  mash  sizes  and  the  two  gases  employed. 


A correlation  of  Incipient  fluidization  data  was  made  employing 
the  following  equation: 


V* 


“p 


p*  J 


1/2 


(3-1) 


where:  Vg  - incipient  movement  velocity 

g - gravity  constant 
Dp  ” diameter  of  particle 
pg  - vapor  density 
pp  * particle  density 

K - emperlcal  correlating  constant  to  be  derived  from  the  data. 

Since  the  density  for  gases  is  much  lower  than  the  particle 
density,  the  equation  was  simplified  as  follows: 


Vg  - K' 


Dp  \l/2 

P8  I 


(3-2) 


idler*  K'  - KCgPp)1^2 
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Table  3-21 

Particle  Fluidisation:  Bffect  of  Particle  Sica 

and  Caa  Danaicy  on  Minimum  Inlet  Superficial 
Velocity  for  Particle  Movement 


Pure 

Nitrogen 


Pure 

Helium 


Average 

Velocity 

M/aec  (a) 


Sample 

Size 


Standard 

Deviation 

M/acc 


Average 

Velocity 

M/aec  (a) 


Sample 

Size 


Standard 

Deviation 

M/aec 


1 

| Fraah  Shell  AOS  Particle  Size 

8-12  Mesh 

14-18  He eh 

.. 

20-30  Meah 

5.49 

4.03 

2.28 

10 

10 

10 

1.49 

0.47 

0.47 

12.18 

9.61 

6.72 

10 

10 

10 

1.22 

1.51 

1.30 

(a)  Avefage  miniaum  auperficlal  velocity  in  the  inlet  dlatributor 
tube  which  cauaea  any  particle  movement,  aetera  per  second. 
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The  Incipient  movement  velocity  ves  estimated  in  terms  of  a hori- 
sontal  or  surface  velocity  from  the  superficial  inlet  velocity  using  a 
literature  correlation  of  maximum  surface  vapor  velocity  or  a function  of 
inlet  velocity  and  inlet  geometry.  This  correlation  is  shown  in  Figure  16. 

For  Che  conditions  employed  in  the  present  study,  this  correlation  predicts 
that  the  horizontal  or  surface  velocity  will  be  85X  of  the  inlet  superficial 
velocity.  Average  incipient  movement  velocities  calculated  froa  this 
correlation  are  shown  in  Table  3-22,  and  both  the  pure  nitrogen  and  helium 
results  and  the  results  from  the  helium-nitrogen  blends.  Also  shown  in 
Table  3-22,  are  average  gas  compositions  and  an  average  catalyst  particle  dia- 
meter for  the  mesh  sizes  employed.  The  average  incipient  particle  movement 


velocity  in  terms  of  feet  per  second  was  then  plotted  as  a function  of  (D_/p  ) 
This  correlation  is  shown  in  Figure  17,  and  is  applicable  to  a unit  value  v * 


1/2 


gravity  environment. 


It  could  appear  that,  in  general,  thruster  gas  velocities  will  be 
above  the  incipient  particle  movement  velocity.  As  an  example,  a hydrogen- 
nitrogen  gas  mixture  (672  H2  - 33Z  N2)  at  10  atmospheres  and  925*C  will 
have  an  approximate  1.1  g/liter  density.  For  the  largest  granular  size  em- 
ployed, i.e.,  8-12  mesh,  this  would  yield  an  (Dp/pg)l'2  value  of  approximately 
1.35.  From  Figure  3-17,  which  assumes  a unit  gravitational  field,  this  would 
correspond  to  a incipient  movement  velocity  of  approximately  12  feet/second. 

The  highest  anticipated  satellite  gravitational  field  is  5.0  G,  for  an  on- 
orbit  spinner,  and  this  higher  gravity  would  raise  this  incipient  particle 
movement  velocity  to  approximately  28  feet  per  second.  Lower  gravitational 
fields,  smaller  catalyst  particle  sizes,  and  higher  gas  densities  at  higher 
pressures  will  all  directionally  lower  the  incipient  fluidization  velocity. 
Assuming  that  a thruster  gas  velocity  of  110  feet  per  second  is  representative. 
It  can  be  seen  that  Shell  405  granules  are  exposed  to  velocities  much 
higher  than  the  incipient  particle  movement  velocity,  and  that  particle  move- 
ment would  be  possible  once  sufficient  void  space  occurs  in  the  catalyst  bed. 


1 


Max. 


Figure  3-16 

Maximum  Surface  Vapor 
Velocity  for  Impinging  Jets 


D0 

Legend 

■ Impingement  Jet  Data  From  A 16"  Ducted  Fan 

• Impingement  Jet  Data  From  A 4"  Uniform  Jet 

Source : R.  E.  Kuhn,  NASA  TN  D— 56, 

September,  1959. 
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INCIPIENT  PARTICLE  MOVEMENT  VELOCITY  (HORIZONTAL) , PT/SEC 


3.2.5  Sensitivity  Testing  in  tha 

Liquid  Fluid  Dynamic  Eroaion  Area 

Sensitivity  tests  in  the  liquid  fluid  dynamic  erosion  area 
were  carried  out.  In  line  with  Air  Force  and  Scientific  Advisory  board 
recommendations,  a test  involving  individual  catalyst  particles  sub- 
jected to  a pulsed,  liquid  flow  was  developed  and  subitituted  for  the 
1LBET  liquid  erosion  test  originally  planned.  This  work  was  carried  out 
in  the  Pulsed  Liquid  Particle  Erosion  Test  (PLPET)  apparatus  shown  in 
Figure  3-18.  In  this  test,  individual  catalyst  particles  were  passed 
through  a stream  of  flowing  liquids  at  a speed  which  could  be  varied 
by  changing  the  stirrer  speed.  A flat  nozzle  was  employed  so  as  to  pro- 
duce as  near  a rectangular  flow  of  liquid  as  possible.  The  stream  angle 
was  adjusted  so  that  the  catalyst  particle  struck  the  liquid  stream  at 
a right  angle.  The  velocity  of  the  liquid  stream  was  maintained  high 
enough  to  insure  that  the  stream  geometry  was  restored  before  the  next 
impact  of  the  particle  (the  stream  advanced  a minimum  of  7 cm  in  the 
time  required  to  complete  a revolution  of  the  arm  which  was  1 cm  in 
diameter) . 


The  1/8”  x 1/8"  cylindrical  particles  ware  held  in  a small 
clamp  which  was  attached  to  tha  moving  arm.  Cranular  8-12  mesh  catalyst 
particles  were  first  attached  to  a small  wooden  dowel  via  the  uae  of  glue, 
and  the  dowel  held  in  a small  damn  attached  to  the  moving  arm.  In 
Figure  3-19  are  snown  photomicrographs  of  the  catalyst  holder  assembly.  In 
the  case  of  the  3-12  mesh  catalyst  particles,  the  glue  was  removed  from 
Che  catalyst  particles  via  a combustion  technique  prior  to  making  the 
final  weight  measurement.  This  combustion  technique  consisted  of  burning 
off  the  glue  and  a small  portion  of  the  dowel  attached  to  the  glue  (the 
major  portion  of  the  dowel  was  simply  cut  off)  in  a laboratory  furnace 
with  flouing  air  at  13Q0°F.  Blank  measurements  of  dowel  glued  particles 
indicated  this  technique  was  capable  of  effecting  complete  glue  and  dowel 
reooval.  In  order  to  eliminate  any  thermal  effects,  the  catalyst  parti- 
cles were  pre-expoced  to  1300°F  air  before  being  exposed  in  the  PLPET 
apparatus,  and  its  water  level  held  constant  before  any  weight  measure- 
ment was  made.  Initial  runs  using  1-methylnaphthalene  ao  the  liquid 
indicated  this  fluid  had  some  solvent  power  relative  to  the  glues  tried, 
which  tended  to  loosen  the  particles  from  the  dowel  at  high  speeds.  In 
order  to  solve  this  problem,  water  was  substituted  as  the  fluid.  Simi- 
larly, early  runs  with  the  combustion  furnace  at  1700°F  indicated  that 
Shell  405  catalyst  exhibited  some  spontaneous  weight  loss  simply  from 
exposure  to  flowing  air  at  this  temperature,  necessitating  a reduction 
ct  the  combustion  temperature  tc  13Q0*F.  This  loss  presumedly  resulted 
from  the  volatility  of  iridium  oxide  at  this  tamperature  (94  to  97).  Glue 
and  dowel  removal  was  still  effected  at  this  lower  tamperature.  Replicate 
experiments  were  made  in  all  cases. 
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The  effect  cf  the  number  of  pulses  up  to  500,000  pulses  was 
investigated  using  Fresh  Shell  405  1/8"  x 1/8"  cylinders  at  100  feet 
per  second  liquid  velocity.  Results  of  these  tests  are  shown  in  Table 
23.  Individual  data  is  tabulated  in  the  Appendix.  In  general,  the 
average  weight  loss  increased  with  increasing  number  of  pulses , although 
the  difference  between  the  average  weight  loae  at  100,000  end  500,000 
pulses  was  not  statistically  significant,  principally  because  of  the 
rather  large  variation  In  individual  pellet  results  after  exposure  to 
500,000  pulses  (sec  detailed  data  in  the  Appendix).  Photomicrographs  or 
representative  pellets  taken  before  and  after  exposure  to  pulsed  liquid 
' flow  are  shown  in  Flguris  3-20  to  3-22.  Evidence  of  the  affects  of  liquid 
erosion  on  the  face  of  the  pellets  exposed  to  100,000  and  500,000  pulses 
can  be  clearly  seen. 


Table  3-23 

Effect  of  the  Number  of  Pulses  at  a Fixed  Velocity  (o ,b) 


- 

Average 
Weigh 
Loss , X 

Number  of  Pulses 

8.200 

100,000 

1 

500, 000  ! 

0.30 

0.90 

1-06 

Sample 

5 

5 

5 

Size 

Standard 

0.17 

0-08 

1.09 

Deviation,  wt 

1 1 08  s 

(a)  Fresh  Sfiel!  405  J/8"  . 1/8"  cylinders 
(h'  Velocity  m liquid  relative  to  particle, 
0 feet  per  second 


The  effect  of  pulsed  liquid  erosion  was  investigated  further 
in  the  PLPKT  apparatus  using  the  following  variables: 

a Liquid  velocity 
a Number  of  pulses 
e Catalyst  selection  parameters 
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Each  variable  was  tested  at  two  levels  i.e.  55  and  100  feet 
per  second  liquid  velocity,  8,200  and  100,000  pulses  and  1/8"  x 1/8" 
cylinders  and  8-12  mesh  particles.  Individual  tests  were  replicated. 

The  program  was  planned  thus  as  a 2^  full  factorial  statist Lcally  de- 
signed experiment  with  replication.  This  experimental  design  made 
possible  a statistical  analysis  for  all  main  effects  and  two  and  three 
factor  interactions.  A summary  of  average  weight  losses  for  each  con- 
dition te  ited  is  shown  in  Table  3-24.  Photomicrographs  of  representative 
catalyst  pellets  or  particles  both  before  and  after  exposure  to  the 
pulsed  liquid  flow  at  55  feet  per  second  are  shown  in  Figures  3-23  to  3-28. 
Detailed  data  are  tabulated  in  the  Appendix.  The  average  weight  lose 
data  as  a function  of  velocity  la  plotted  in  Figure  3-29  for  the  1/8" 
cylinders  and  in  Figure  3-30  for  the  8-12  mesh  granules.  Examination  cf 
the  data  indicates  that  the  weight  loss  for  the  8-12  mesh  granules  waa 
greater  than  for  the  1/8"  cylinders  at  a fixed  velocity  and  number  of 
pulses,  and  that  the  weight  loss  increased  with  velocity  and  number  of 
pulses  as  would  be  expected. 

As  indicated  previously,  photomicrographs  of  the  1/8"  x 1/8" 
cylinders  exposed  to  a liquid  velocity  of  100  feet  per  second  and 
100,000  and  high  pulses  clearly  show  signs  of  pronounced  "pitting"  on  the 
pellet  face  exposed  to  the  liquid  stream.  Photomicrographs  of  the 
8 to  12  merh  granules  similarly  exposed  to  a liquid  velocity  of  100  feet 
per  second  and  100,^00  pulses  do  not  show  evidence  of  pronounced  "pitting", 
although  weight  measurements  indicate  the  weight  loss  at  equivalent 
conditions  for  the  granules  was  at  least  as  great  as  for  the  pellets. 
Similarly,  photomicrographs  of  both  pellets  and  granules  exposed  to 
lower  velocities  and  numbers  of  pulses  do  not  show  signs  of  pronounced 
"pitting",  although  small  weight  losses  were  observed. 

A statistical  Analysis  cf  Variance  (AN0VA)  was  performed  on 
the  data  (93).  The  Individual  date,  used  in  the  AN0VA  is  shown  in  the 
Appendix,  along  with  the  means  associated  with  the  three  main  effects. 

T.n  Table  3-25  ie  shown  a summary  of  the  AN0VA  calculations.  Variance 
ratio  tests  (F-dlstribution)  were  performed  on  the  resultant  mean  squares 
using  the  replicate  mean  square  to  determine  the  residual  error.  All 
three  main  effects  (i.e.f  effect  of  number  of  pulses,  velocity,  and 
catalyst  type)  were  significant  at  the  952  confidence  level.  None  of 
the  interactions  (i.e.,  the  three  two-factor  Interactions  and  the  one 
three-factor  interaction)  were  significant  at  this  confidence  level. 

In  general,  although  pulsed  liquid  stream  erosion  was  shown 
to  effect  particle  weight  loss,  the  magnitude  of  the  loss  was  low  with 
the  fresh  catalysts  tested  to  date.  For  example,  with  a granular  catalyst 
exposed  Co  100,000  pulses,  the  average  weight  loss  cau  be  held  to  only 
0.7  wt  X if  the  linear  velocity  is  restricted  to  a maximum  of  50  feet  per 
aecond.  Thus,  if  liquid  injection  velocities  are  held  below  50  feet  per 
second,  the  weight  losses  experienced  by  fresh  granular  cetalyete  et  the 
bed  inlet  during  a cold  start  attributable  to  pulsed,  liquid  stream  erosion 
per  ee  will  be  smell.  The  effect  r pulsed  liquid  stream  erosion  on  granular 
catalysts  exposed  to  aging  lr  a thruster  environment,  however,  remains  to  be 
determined.  This  will  be  experimentally  investigated  later  In  the  program. 
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Liquid  Dynamic  Eroalon  of  Praah  Shall  405 
8 to  12  Maah  Parttclaa 


50  X00  150 

LIQUID  VELOCITY,  FEET  PER  SECOND 


Table  3-25 


Analyaia  of  Variance  (ANOVA)  Sieatary 
Pulsed  Liquid  Erosion  Data 


Source  of  Variation 

Sun  of 

Squares 

•j 

Degrees 
of  Freedon 

Mean 

Square 

Pulse  Rusher 

3.26041 

1 

3.26041 

Velocity 

1 .35424 

1 

1.35424 

Catalyse  Type 

0.82944 

1 

0.82944 

pulse  Huaber  x 
Velocity  Interaction 

0.03025 

1 

0.03025 

Pulae  Nuaber  x 
Catalyst  Type  Interaction 

0.00961 

1 

0.00961 

Velocity  x Catalyst 
Type  Interaction 

0.16900 

1 

0.16900 

Pulse  Nuaber  x 
Catalyst  Type  x 
Velocity  Interaction 

0.00009 

1 

0.00009 

Replicates 

4.98215 

32 

0.15569 

TOTAL 

10.63518 

39 

• • 

• M • 
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13.2.6  The  real  Shriek 

J 

It  was  proposed  In  the  aodlfled  progran  plan  (revision  of 
18  February  1975)  to  Investigate  tvo  areas  related  to  the  general  prob- 
lem of  thermal  shock.  The  first  was  termed  "Hot  Gas  Thermal  Shock"  and 
Involved  the  Investigation  of  the  effect  of  repeated  thermal  cycling  of 
a bed  under  varying  pressure  loads.  It,  thus.  Is  representative  of  the 
j thermal  cycling  fatigue  experienced  by  a lover  bed  section  during  repeated 

i cold  starts.  The  second  was  termed  "Liquid  Quench  Thermal  Shock”  and  in- 

I volved  the  Investigation  of  the  effect  of  the  Injection  of  a cold  liquid 

j onto  a hot  catalyst  bed.  It,  thus,  is  representative  of  an  upper  bed  section 

during  a hot  start. 

Air  Force  directions  of  7 March  1975,  however,  indicated  that 
other  work  was  to  be  substituted  for  the  thermal  shock  study  originally 
planned  while  awaiting  thermal  shock  results  from  United  Aircraft 
Research.  These  thermal  shock  studies  will  be  carried  out  later  in  the  program. 

3.3  Estimation  of  Catalyst  Strength 
of  Material  Properties 

Strength  of  material  properties  are  Important  parameters  In 
Interpretating  both  experimental  end  analytical  results.  Determination 
of  the  true  strength  of  materiel  properties  of  the  small,  irregularly 
shaped  Shell  405  catalyst  particles  la  a difficult  task.  To  help  over- 
come this  difficulty.  Dr.  D.  P.  H.  Heaaelman,  Director  of  the  Ceramics 
Research  Laboratory,  Lehigh  University  was  ratainad  to  (1)  provide  ex- 
pert opinion  and  advice  In  this  area,  and  (2)  to  estimate  a number  of 
material  properties  of  individual  catalyst  particles.  Dr.  Hasaelman’e 
reports  describing  this  affort  ara  contained  in  the  Appendix. 

Experimental  measurements  were  also  made  using  the  ITT  to  help 
estimate  Shell  405  catalyst  properties.  Stress-strain  measurement*  wnro 
made  on  Shell  405  1/8"  x 1/8"  cylinders  In  compression.  Blank  measure- 
ments were  also  made.  These  measurements  yielded  a Youngs  Modulus  of 
approximately  300,000  pel.  A measurement  was  also  made  using  the  PQO/ITI 
to  determine  a bed  modulus  using  20  to  25  mesh  Shell  405  catalyst  at 
pressures  up  to  1,000  psl.  This  experiment  yielded  a bed  modulus  of 
approximately  25,000  psl.  A modulus  of  this  magnitude  Indicates  that 
a bed  subjected  to  a 100  psl  load  will  compact  approximately  0.41. 
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4.  ANALYTICAL  MODELING 


4.1  Introduction 


4.1.1  Organise tlon  of  the  Effort 

Analytical  modeling  supporting  studies  were  carried  out  by 
McDonnell  Douglas  Astronautics  Company  ( MDAC ) . The  MDAC  Study  Manager  for 
this  project  was  Mr.  R.  J.  Hoffman,  Project  Thermodynamics  Engineer— Plume 
Effects,  Aero/The  nondynamic a and  Nuclear  Effects  Department.  Mr.  U.  T.  Webber 
of  the  same  department  acted  as  Principal  Investigator  for  the  study  and 
perforated  the  analyses  of  the  Internal  particle  behavior  and  of  pressure 
shocks.  Mr.  S.  A.  Schechter  . i the  Structures  Department  performed  the 
analyses  of  stresses  from  thermal  shock.  Internal  pressure,  partlcle-to- 
particle  contact,  and  examined  the  mechanical  failure  mechanism.  Mr.  D.  Quart 
of  the  "repulsion  Department  performed  the  analyses  related  to  differential 
expansion.  The  analysis  of  fluid  erosion  was  done  by  Dr.  U.  D.  English 
of  the  Propulsion  Department. 

4.1.2  The  General  Purpose  and  Limitations 

Analytical  modeling  studies  In  general  were  conducted  both  to 
support  experimental  activities  and  to  explore  areas  not  investigated 
experimentally.  Tn  order  to  carry  out  these  supporting  analyses  a number 
of  assumptions  had  to  be  made  in  regards  to  (1)  the  nature  of  the  governing 
equations  and  analytical  descriptions  of  the  phenomena  Involved  (2)  typical 
values  for  thruster  parameters  such  as  catalyst  site,  bed  loading  etc.  and 
(3)  the  various  physical  properties  of  Shall  405  granules,  particularly  in 
the  strength  of  materials  area.  It  was  recognised  a priori  (1)  that  the 
decisions  made  in  the  areas  of  thruster  parameters  would  not  be  universally 
applicable  (2)  true  strength  of  material  properties  of  granular  Shell  405 
catalyst  were  generally  not  available,  and  (3)  our  knowledge  of  the  detailed 
processes  Involved  In  various  proposed  catalyst  breakup  mechanisms  Is  often 
incomplete.  Thus,  the  modeling  work  described  In  this  report  was  not  Intended 
to  provide  universal  and  final  answers  to  all  catalyst  breakup  and  thruster 
design  problems  but  rather  to  provide  appropriate  and  timely  support  to 
the  overall  effort,  and  particularly  to  the  phenomenological  survey  portion  of 
the  program. 


4.1.3  General  Description 

The  areas  Involved  in  analytical  modeling  are  shown  in  Table  4.1. 

The  interrelationship  between  the  experimental  studies  and  supporting  analyses 
were  previously  shown  in  Table  3-3.  These  studies  had  a number  of  objectives.  First, 
they  were  designed  to  aid  in  the  discrimination  of  Important  highly  destructive  each- 
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anlatas  from  the  less  important  mechanisms,  so  as  to  help  guide  the  direction 
of  the  concurrent  and  subsequent  experimental  tasks  in  the  direction  of  the 
most  important  phenomena.  Second,  these  studies  were  designed  to  aid  in  the 
irf'-.'-^tation  and  correlation  of  the  results  of  the  experimental  studies. 
Third,  and  perhaps  most  important,  the  analytical  models  were  to  be  the 
means  of  extending  the  findings  of  experimental  results  to  other  operating  con- 
ditions, and  to  aid  in  predicting  how  catalyst  failure  can  bo  controlled  by 
appropriate  choices  of  engine  design  and  operational  parameters. 

Although  the  analyses  have  been  broken  into  several  categories, 
the  majority  have  a cotmnon  meeting  ground  in  the  limited  physical  strength  of 
the  catalyst.  Whenever  the  local  stresses  developed  in  the  catalyst  ma- 
terial exceed  certain  values,  local  failure  and  loss  of  material  will  result. 

The  stresses  at  the  contact  points  between  two  adjoining  catalyst 
particles  are  at^enable  to  analysis  by  Hertzian  contact  theory  to  determine 
these  local  stresses,  regardless  of  whether  the  contact  forces  ara  produced 
by  steady  gas  pressure  drop  through  the  bed,  pressure  shocks  acting  upon  the 
bed,  differential  expansion  tending  to  compact  the  bed,  or. even  the  Impact 
of  two  colliding  particles.  Stresses  may  be  generated  in  the  interior  of 
the  particle  by  rapid  external  heating  or  cooling,  rapid  externally  applied 
pressurization  or  depressurization,  or  by  the  local  generation  of  heat  or 
gas  pressure  interior  to  the  particle,  from  the  decomposition  of  liquid 
hydrazine  which  has  flowed  into  the  interior  of  the  particle^under  the  action 
of  surface  tension  forces  or  externally  applied  pressure.  In  any  of  these 
cases,  the  radial  temperature  or  pressure  profile  suffices  to  determine  the 
radial  and  tangential  stress  field  interior  to  the  particle. 

Thermally  derived  stresses,  pressure  derived  stresses,  and  point- 
to-point  contact  derived  stressoa  may  be  calculated  individually,  and  then 
superposed  to  yield  the  total  stress  field,  and  this  will  show  synergistic 
effects  when  eeverel  processes  act  together  to  exceed  e failure  stress 
that  would  not  have  been  attained  by  any  of  the  processes  acting  singly. 

The  thermally  induced  free  volume  changes  of  the  bed  end 
chamber  hardware  during  a startup  and  shutdown  may  be  calculated  from  the 
sequence  of  time-varying  temperature  profiles  in  each.  These  profiles 
ere  obtained  from  existing  computer  programs  described  the  thermochemistry 
end  the  flow  through  the  bed.  To  obtain  bed  compression  stress  from  the 
volume  change  requires  a bed  deformation  theory,  since  loaded  granular 
materials  are  Inherently  nonlinear  in  deflection,  and  do  not  have  constant 
elastic  moduli.  Evaluating  the  local  atraases  in  the  particles  at  locations 
of  point-to-point  contact  also  requires  a structural  model. 

The  erosion  by  gas-entrsined  hydrazine  droplets  or  solid  particles 
carried  through  the  bed  requires  s still  differant  bed  model.  Mass  losses 
may  be  calculated  by  knowledge  of  the  effects  of  particle  velocity  and  iaq>ect 
angle  upon  the  local  aasa-loas  ratio,  the  abrasion  rasi stance  property  of 
the  substrate,  end  the  variation  of  this  property  with  Comparators.  Theta 
ara  combined  with  the  calculated  gee  velocity  profile,  catalyst  teaqwrature 
profile,  end  hydrazine  quality  profllas  in  the  catalyst  bed,  to  give  a 
numerical  solution  by  marching  through  the  bed.  Primary  end  secondary 
particlas  ara  carrlad  along  in  thasa  calculations  in  marching  from  tha 
Injector  «nd  to  the  downetreem  end  of  the  catelyat  pack.  Upsets  are  presumed 
to  occur  at  each  new  layer  of  catalyst  particles  which  Ls  encountered. 
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Tabic  4-1 


Supporting  An alysc-a 


Thermal  Shock  Stresses  in  Individual  Catalyst  Particles 

A.  Calculate  time-dependent  temperature  profiles  in  Individual 
catalyst  parcicles. 

B.  Calculate  stresses  resulting  from  the  temperature  profiles - 

Internal  Pressure  Stresses  in  Individual  Catalyst  Particles 

A.  Calculate  time-dependent  pressure  profiles  in  individual 
catalyst  particles. 

B.  Calculate  stresses  resulting  from  the  pressure  profiles. 

Differential  Thermal  Expansion  of  Catalyst  Bed  and  Chamber 

A.  Calculate  time-dependent  temperature,  pressure,  and  velocity 
distributions  in  the  bed  during  a smooth  start  transient. 

B.  Calculate  temperature  distributions  in  chamber  hardware. 

C.  Calculate  time-dependent  differential  bed  compression. 

D.  Calculate  stresses  In  individual  particles  resulting  from  bed 
compression. 

Fluid  Dynamic  Erosion 

A.  Calculate  time-dependent  temperature,  pressure,  and  velocity 
distribution  in  the  bed  during  start  transients  and  steady- 
state  operation. 

B.  Calculate  eroslou  rate  of  catalyst  particles  based  upon  Impinge- 
ment of  gas  carrying  entrained  droplets  and  particles. 

Pressure  Shocks  in  Bed 

A.  Calculate  time-dependent  flow  processes  in  bed  during  hard  start. 

B.  Calculate  bed  compression  from  pressure  distribution. 

C.  Calculate  particle  stresses  resulting  from  bed  compression. 
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4 . 2 Structures  Analyses 

* • 1 1 ° - ■-<> » o Failure  Model 


The  purpose  of  the  stress  fail  ive  anolysis  was  to  develop  a 
failure  model  for  the  Shell  405  catalyst  by  extending  the  uniaxial  compressive 
failure  value,  which  was  experimentally  measured  using  1/8”  x 1/8"  cylinders, 
to  a multiaxial,  tension-compression  failure  surface,  suitable  for  use  for 
other  shapes  of  catalyst  particles,  and  for  other  modes  of  stress  application. 

In  the  failure  tests  described  in  Section  3.2  the  1/8"  cylindrical 
pellets  were  loaded  in  uniaxial  compression.  The  failure  stress  for  fresh 
Shell  405  catalyst  was  2836  psi  with  a standard  deviation  of  19  percent.  The 
failure  level  for  used  material  was  1785  psi  with  a standard  deviation  of 
53  percent.  The  typical  failure  was  a crack  in  the  direction  of  the  load 
in  each  pellet,  shown  schematically  in  Figure  4.1.  This  type  of  overall 
(macroscopic)  fracture  is  typical  in  porous  brittle  materials  (99).  The 
failure  Is  due  to  the  local  (micromechanical)  tensile  stresses  which  occur 
at  the  surface  of  the  internal  pores  at  90°  to  the  load  direction. 

In  the  remaining  analyses,  a failure  criteria  is  required  to  assess 
the  severity  of  the  macroscopic  or  gross  stress  states  produced  by  the 
theraal,  internal  pressure  and  contact  loadings.  As  only  uniaxial  compressive 
failure  data  were  available,  the  simple  local  maximum  tensile  stress  around 
the  pores  was  selected  as  the  failure  mode.  The  pore  shape,  a cylindrical 
pore,  was  selected  from  a microscopic  examination  of  the  material.  If  more 
types  of  failure  test  data  were  available,  e.g.,  tensile,  biaxial,  etc., 
then  a more  complicated  two  or  even  three  dimensional  failure  model  could 
be  developed. 

The  solution  of  the  stress  state  in  the  substrate  material  around 
a cylindrical  pore  in  a semi-infinite  media  in  uniaxial  stress  was  obtained 
from  Reference  101.  The  stress  state  produced  at  the  pore  boundary  by 
blsxial  loading  of  the  porous  material  was  obtained  by  superposition  of 
tvo  stress  states  produced  by  uniaxial  loading,  with  one  rotated  90  degrees 
to  the  other. 

For  circular  cylindrical  void  in  a semi-infinite  medium  under 
nacroscopic  biaxial  tensile  loads,  S}  and  S2,  the  maximum  micromechanical 
tensile  stress  la  clrci’-Jerentlal,  at  the  surface  of  the  void.  The 
distribution  la  easily  found  from  thn  Reference  101  solutions  to  be 

Or  - Sx  (1  + 2 cos  20)  + S2  (1  - 2 cos  20)  (4.2-1) 
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Figure  4-1.  Failure  In  a Brittle  Poroua  Material 
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(4.2-2) 


j 3 Sj  - Sj,  *£  9 •*  + — , for  S,  > S2 
•«*»  «.i»s  cmxiaji  arc  -/  2 

| 3 S2  - S1(  et  0-0,  tt  for  S2  > Sj 

where  0 la  the  angle  around  the  void,  and  9 - 0 la  aligned  with  Sjt  aa 
ahown  In  Figure  4-2. 

Note  that  since  the  radial  stress  Is  zero  at  the  surface,  the 
aicroaechanical  atress  state  Is  uniaxial  at  the  surface,  even  though  the 
Macroscopic  load  la  biaxial.  Thus  we  can  relate  the  biaxial  tens Ion - 
coapresslon  Macroscopic  failure  criterion  desired  to  a sricrowechanlcal 
uniaxial  tensile  failure. 

The  macroscopic  failure  stress  measured  for  the  fresh  Material 
under  uniaxial  compression  (Sj  - 2836  and  S2  - 0),  shows  the  ml  crows chan leal 
tensile  failure  strength  (from  equation  (4.2-2))  Is  945  psl.  The 

Macroscopic  failure  stress  measured  for  the  used  Material  under  uniaxial 
coapresslon  (Si  - 1785  psla  and  S2  - 0)  shows  the  microuechanical  tensile 
failure  otrength  (from  equation  4.2-2)  Is  595  psl.  The  corresponding 
biaxial  macroscopic  failure  envelope  generated  by  equation  (4.2-2)  is  shown 
in  figures  4-3  and  4-4.  The  details  of  the  shape  of  the  envelope  will 
change  If  different  assumptions  are  aade  for  pore  shape  but  the  basic 
failure  envelope  shape  will  reaaln  (102).  The  complete  solution  for  the 
arbitrary  elliptical  void  was  solved  In  Reference  102.  Fci  an  elliptical 
hole  under  uniaxial  tension  with  the  major  axis,  a,  normal  to  the  load 
and  a minor  axis,  b,  the  maxlaum  tension  is 


o - S (1  + 2 ft)  (4.2-3) 

D 

Two-dimensional  stress  distributions  caused  by  stress  boundary  conditions 
do  not  involve  the  elastic  constants.  In  the  general  three -dlamnsl octal 
case  the  solution  does  depend  on  the  elastic  constants,  in  particular  on 
Poisson's  ratio,  v.  In  the  following  sdcromechanlcal  three-dimensional 
analysis,  the  Poisson's  ratio  used  is  that  of  the  solid  material  surrounding 
the  pores,  denoted  vs.  In  the  later  aacroacopic  analysis  of  the  stresses 
produced  by  thermal,  pressure,  and  contact  loadings,  the  Poisson's  ratio 
used  is  that  of  the  overall  porous  medium.  The  Poisson's  ratio,  vs, 
of  the  substrate  Material  is  known,  0.32  for  temperatures  «*p  to  1800*F. 

The  Poisson's  ratio  of  the  actual  catalyst  is  not  known. 

The  peak  microaachanlcal  (W » tensile  stress  for  a spherical 
void  in  a solid  body  under  uniaxial  coapresslon  stress  b,  enc'n  from 
Reference  101,  is 


» - 3 s 

2 (7  - 5 Vg) 
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For  vs  ■ 0.32,  g^-y  ■ 0.7225S.  The  tensile  stress  produced  by  s biaxial  load 
could  be  obtained  by  superposition  as  done  for  equation  4.2-1.  However, 
the  solution  for  the  maxima  is  somewhat  complicated,  and  has  not  yet 
been  worked  out.  The  micromechanical  tensile  failure  stress  for  a spherical 
void  is  2048  psi.  This  is  more  than  two  times  the  failure  stress  of  a 
cylindrical  void,  945  psi.  This  difference  indicates  the  dependence  of 
the  failure  criteria  used  here  on  the  assumption  made  regarding  pore  shape, 
and  points  up  the  need  for  failure  tests  using  biaxial  and,  if  possible, 
trlaxial,  stress  states.  Even  uniaxial  tensile  failure  test  data  would 
greatly  reduce  the  uncertainties. 

4.2.2  Temperature  Profiles  Developed  Inside  a 

Catalyst  Particle  by  External  Heating  or  Cooling 

The  temperature  profiles  developed  when  an  initially  cold  catalyst 
particle  is  externally  heated,  or  when  a uniformly  hot  catalyst  particle 
is  externally  cooled  is  a function  of  two  dimensionless  moduli,  the  Blot 
number  and  the  Fourier  number. 

The  Biot  number  expresses  the  effect  of  the  external  thermal 
resistance  on  the  transient  temperature  profiles  which  are  developed  Inside 
the  thermally  conductive  body,  and  is  especially  important  for  the  real 
case  where  heat  is  transferred  to  (from)  the  body  from  a hot  (cold)  fluid 
flowing  past  the  body.  The  Biot  number  is,  roughly  speaking,  the  ratio 
of  external  thermal  conductance  to  internal  thermal  conductance.  If, 
for  instance,  a cold,  thermally  resistive  sphere  were  exposed  to  a hot 
external  fluid  of  infinite  conductance,  the  exterior  boundary  of  the 
sphere  would  instantly  assume  the  high  external  temperature,  and  the 
thermal  gradient  in  the  outermost  lamina  of  the  sphere  would  be  infinite. 

This  would  correspond  to  an  Infinite  Biot  number.  If,  instead,  the  Interior 
of  the  sphere  had  infinite  conductance,  while  the  conductance  of  the 
hot  fluid  surrounding  it  was  finite,  the  sphere  would  heat  up  uniformly, 
with  no  internal  gradients.  This  would  correspond  to  a Blot  number  of 
zero.  The  Blot  number  is; 

Bi  - ~ (4.2-5) 

*P 

where  r is  the  radius  of  the  particle 

kp  is  the  thermal  conductivity  of  the  particle 
n is  the  heat  transfer  coefficient  for  the  convected  fluid 
surrounding  the  particle,  h is  defined  by  the  equation 

q/A  - h AT  (4.2-6) 
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the  value  of  h Is  generally  estimated  in  terms  of  a dimensionless  Nusselt 
number: 

hD 

Nu  - r“  (4.2 

F 

where  D » diameter  of  the  particle 

kp  " thermal  conductivity  of  the  fluid  flowing 
around  the  particle. 

The  Nusselt  number  is  generally  estimated  from  a correlation  involving 
Reynolds  number  and  Prandtl  number.  An  acceptable  correlation  for  sphere 
is: 


Nu  - 2 + .6  Re1/2  Prl/3 
Reynolds  Number  is  defined; 

Ke  . £VS  - CD_ 

M U 

where  p is  density  of  the  fluid 
V is  velocity  of  the  fluid 
D is  diameter  of  the  particle 
u is  viscosity  of  the  fluid 


and  Prandtl  number  is: 


where  Cp  is  specific  heat  of  the  fluid  at  constant  pressure 
u is  viscosity  of  the  fluid 
kp  is  thermal  conductivity  of  the  fluid 

For  hydrazine  decomposition  products  the  following  estimates  of  physical 
properties  were  assumed: 

Cp  " .725  cal /gram  '’K 
u • 6.66  x 10”4  poise 
k - 5.56  x lO"4  cal/cm  sec  °K 


.725  x 6.66  x 10~4 


6.56  x 10" 


- .736 


For  a conservative  catalyst  bed  design,  the  following  values  were  assumed: 

pounds  gram 


inZ  sec 


■ 3 •» 


D ■ .10  cm  (25  mesh) 


then. 


3.5  x .10 
6.66  x 1<H 


- 526. 
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The  Nusselt  Number  may  now  be  calculated 


Nu  - 2 + . 6(526. )1/2(.736)1/3  - 14.4 
This  permits  calculation  of  the  heat  transfer  coefficient: 

Nu  K 14.4  x 6.56  x 10"^  . cal 

h . .0944 


To  estimate  the  Blot  number  it  is  necessary  to  have  a value  for  the  thermal 
conductivity  of  the  catalyst.  Values  may  be  found  in  the  literature  which 
vary  from  .005  to  .05  cal  hence  the  Blot  number  for  the  external 

cm  sec°K 

heating  of  the  particle  will  fall  within  the  range: 


Bi 


.0944  x .05 
.05 


.0944 


to 


Bl  - 


.0944  x .05 
.005 


.944 


Obviously  if  different  values  are  used  for  pellet  radius  or  bed  loading 
(chamber  pressure  or  contraction  area  ratio)  then  the  Biot  number  will 
vary  correspondingly. 

To  estimate  the  Biot  number  for  the  cooling  of  a hot  particle 
being  quenched  in  liquid  hydrazine,  a value  for  the  maximum  heat  transfer 
coefficient  for  boiling  heat  transfer  to  the  quench  liquid  must  be  obtained. 
Experimental  investigations  of  boiling  heat  transfer  to  water  show  that 
the  heat  transfer  rate  increases  rapidly  with  temperature  difference 
until  a threshold  value  is  reached,  whereupon  the  heat  transfer  changes 
from  nucleate  boiling  to  fllm-bolllng,  and  the  heat  transfer  rate  decreases 
enormously.  At  the  maximum  value,  just  before  the  transition,  the  temperature 
difference  is  approxlmstely  150’ F (83°C)  and  the  heat  transfer  rate  is 
approximately  410,000  BTU/hr-ft2  (30.9  cal /cm2  sec).  The  corresponding 
value  for  heat  transfer  coefficient  Is: 

h - Ml 1 - .37  cal/cm^C 
83* 


If  we  presume  that  this  same  value  will  be  obtained  with  boiling  hydrazine 
Instead  of  water,  then  the  Biot  number  may  be  estimated  (using  high  and 
low  estimates  for  therms 1 conductivity  of  the  catalyst) : 


Bi  - 


.37  x .05 
.05 


-.37 


.37  x .05 


.005 


-.37 


* 
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Hence  external  cooling  by  cold  hydrazine  results  in  a Biot  number  approximately 
four  times  higher  than  external  heating  by  hot  product  gases. 

The  Fourier  number  is  the  undtmenslonalized  time  in  which  a 
transient  heating  or  cooling  event  may  be  measured.  The  time  required  to 
heat  an  object  is  proportional  to  its  heat  storage  capability: 

AH  - ALpCpAT  (4.2-11) 

where  AH  la  stored  heat 

A Is  cross-sectional  area  of  the  element 
L is  the  length  of  the  element 
p is  the  density  of  the  material 
Cp  is  the  specific  heat  of  the  material 
AT  is  change  in  temperature 


The  time  required  to  heat  an  object  is  inversely  proportional  to  its  heat 
conduction  rate  H,  where 

H - th  AT  (4.2-12) 

L 

where  Kj.  is  thermal  conductivity 


Combining  the  expressions,  and  introducing  a parameter  of  proportionality: 

t - Fo  (4.2-13) 

Kt 

The  parameter  in  this  expression,  Fo,  is  called  the  Fourier  number,  and 
expresses  the  extent  of  completion  of  the  thermal  transient. 


For  a particle  of  catalyst: 


P 


Cp 

L( radius) 


K 


3.4  gram/ car* 

.22  calories/gram  K 
.05  cm  (25  mash) 

.01  (median  value)  calories/cm  sec  °K 


Fo  - 


Kt 

pCpl2 


.01  t 

3.4  x 22  x .05^ 


- 5.4  t 


With  the  Blot  number  and  Fourier  number  Identified,  it  is  easy  to  look  up 
the  solutions  for  the  transient  temperatures  profiles  Inside  the  catalyst 
particles  in  standard  reference  texts,  (Reference  103).  A family  of  profiles 
for  a Biot  number  of  1.0  similar  to  a worst-case  for  external  heating  Is 
shown  in  Figure  4-5.  A family  of  profiles  for  a Blot  number  of  4.0,  similar 
to  a worst-case  for  external  cooling  Is  shown  In  Figure  4-6. 
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Temperature 


Figure  4-5.  Temperature  Profiles  in  an  Externally  Heated  Spherical 
Pellet  aa  a Function  of  Time  During  Heating. 

Blot  Number  ■ 1.0 

Hot  Gas  Temperature  ■*  1473°K 
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Igure  4-6.  Te«*erature  Profiles  in  an  Externally  Cooled  Spherical  Pellet 
as  a Function  of  Time. 

Biot  Number  ■ 4.0,  corresponding  to  maximum 
boiling  heat  transfer. 


rate  nucleate 


4.2.3  Particle  Stresses  Resulting  From  Thermal  Shock 

The  stresses  which  result  from  Internal  temperature  profiles 
developed  in  a catalyst  particle  say  be  calculated  for  spherical,  isotropic 
homogeneous  materials.  The  loads  were  asstaned  to  be  spherically  symnetrlc. 
Then  for  an  arbitrary  temperature  prefile,  T(r),  the  radial  and  tangential 
stresses  which  are  classical  elastic  solutions  from  Reference  101  are 


/ 


0 


T(r)  r2dr 


T(r)r2 


and 


(4.2-14) 


where 


>t«  • fir  [ 7J 
P lr0 


/ 


T(r)rZt!r  + 


7 


I 


T(r)r2di* 


- T(i‘) 


)J  (4.2-15) 


5r  “ radial  stress  (psl) 
ot  ■ tangential  stress  (psl) 

a **  coefficient  of  thermal  expansion  of  the  porous  sphere 
(in/in  °F) 

Ep  ■ Young's  modulus  of  the  porous  medium  (psl) 
vp  - Poisson's  ratio  of  the  porous  medium 
r ■ radius  (in) 

r0  ■ outer  radius  of  the  sphere  (in) 

To  show  the  types  of  stress  distributions  and  some  general  results  from 
the  above  equations,  consider  the  temperature  profile 

(4*2-16) 


which  allows  closed-form  solutions.  This  function  is  sketched  In  Figure  4-7. 
The  total  temperature  difference  is  always  A,  while  the  abruptness  of 
the  temperature  rise  increases  as  n is  increased.  Thus  the  effects  of  A 
and  n upon  thermal  stresses  calculated  using  these  profiles  reveals  the 
effect  of  total  temperature  difference  In  the  particle,  and  the  effect 
of  varying  temperature  gradient  in  the  particle.  The  above  distribution 
produces  a radial  stress  field  which  Is 


ar  - 


2«pA 

(1-Vp) (n 


TS) 


(4.2-17) 
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The  maximum  absolute  value  of  the  radial  atrese  which  occurs  at  » - 0 is 


2oEA 

(l-VpHn+3) 


(4.2-18) 


This  stress  is  tensile  for  A 0 (heating)  and  conpression  for  A 0 (cooling) . 
The  transverse  stress  ct  from  equation  4*2-15  becomes 

\ j2  - ,nt2>  f^)"j  <*•*-•»> 

Therefore,  for  A>0  this  starts  as  a tensile  stress  at  r * o of  the  sane 
magnitude  as  or  (o)  and  reaches  a compressive  maximum  at  r ■ rfl  of 

mg An 

at  “ (1-Vp) (n+3)  (4.2-20) 

at  the  surface.  For  cooling  (A<0)  at  starts  in  compression  at  r ■ O and  goes 
to  tension  at  the  outer  surface.  Therefore,  the  ratio  of  the  maximum  tenalle 
stress  to  maximum  compressive  stress  is,  for  heating  2/n. 


From  equations  (18)  and  (20)  it  can  be  seen  that  the  maximum 
stresses  are  directly  proportional  to  the  temperature  difference.  A,  between 
the  outside  and  Inside  of  the  sphere.  For  r - 0,  the  center  of  the  sphere, 
the  stress  state  is  hydrostatic  (or  - at),  and  when  A>0  (heating)  tensile 
stresses  are  produced.  Also,  at  r » 0 the  steeper  the  gradient  (the  larger 
n is)  the  smaller  the  stress.  If  A < 0 (cooling)  this  stress  state  would 
be  compressive.  Since  it  is  a hydrostatic  compressive  stress,  no  failures 
occur  on  cooling.  Therefore,  at  r • 0,  the  heating  condition  (A>0)  is 
the  only  one  which  can  produce  a failure. 


At  the  surface  of  the  sphere,  r - r0,  the  radial  stress,  or,  is 
aero.  The  transverse  stress  for  heating  (A  > 0)  is  negative  (compression)  * 
Since  this  is  a uniaxial  stress  state,  a failure  can  occur.  The  magnitude 
of  the  compression  is  n ar.  Near  the  surface  9r  is  small,  but  tensile, 

2 

and  thus  will  reduce  the  amount  of  the  at  compressive  stress  required  to 
produce  a failure,  thus  a failure  could  initiate  below  but  near  the  surface. 

On  cooling  (AvO)  the  surface  will  be  in  tension,  hence  the  failure  will 
only  occur  at  the  exterior  of  the  sphere  and  propagate  inwards.  The  magnitude 
of  surface  stress  is  proportional  to  the  temperature  difference  and 
the  ratio  (n/n+3) . Since  (n/n+3)  increases  as  n increases,  the  steeper 
the  gradient,  the  greater  the  surface  stress. 

Now  consider  a specific  heatup/cooldown  case  in  a 20-25  mash 
catalyst  particle.  The  radial  and  tangential  stress  solutions  for  the 
typical  temperature  profiles  for  heat-up.  Figure  4-5  and  cooldown.  Figure  4-6, 
are  shown  in  Figures  4-8  to  4-11.  These  show  the  greatest  temperature 
difference  on  heating  occurs  at  20  milliseconds,  which  produces  the  greatest 
tensile  and  compressive  stress.  On  cooldown  the  greatest  tensile  stress 
occurs  at  10  milliseconds. 
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Radial  Stress  (PSI) 


Figure  4-8.  Radial  Stress  As  A Function  of  Tine  Produced  by  Heating 

G " .05  pounds/ln2,  Gas  Tenp.  ■ 1473*1,  Particle  Tang.  “ 273*1 
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Transverse  Stress  (PSI) 


r/r 

o 

Figure  4-9.  Transverse  Stress  as  a Function  of  Tine  Produced  by  Heating. 

G ” .05  pounds /in2 -sec.  Gas  Tenp.  - 1473%  Particle  Tenp.  - 273°K 
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Radial  Stress  (PSI) 


r/r 
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Figure  4-10.  Radial  Stress  as  a Function  of  Tine  Produced  by  Cooldown. 
Maximum  Rate  Nucleate  Boiling  Heat  Transfer. 
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Transverse  Stress  (PSI) 


o 


Figure  4-11.  Transverse  Stress  as  a Function  of  Time  Produced  by 
Cooldown. 

Maximum  Rate  Nucleate  Bolling  Heat  Transfer. 
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On  heating,  for  vp  - 0.3  (see  the  failure  section  for  a discussion 
of  the  Poisson's  ratio  v),  the  maximum  tensile  stress  is  380  psi  which  is 
hydrostatic  ar  - ag.  Although  this  is  a triaxial  stress  state,  it  is  well 
below  failure  for  the  two  dimensional  equal-load  (Sj  - S2)  biaxial  limit, 
so  the  heating  case  does  not  appear  to  be  a possible  point  of  failure. 

On  cooldown,  the  maximal  tensile  stress  occurs  at  the  outer  radius. 
The  maximum  tensile  stress  occurs  at  10  milliseconds  and  is  885  psi.  The 
stress  state  at  this  point  is  biaxial,  with  the  stresses  being  equal  in 
the  two  transverse  directions  and  or  ■ 0.  This  is  illustrated  as  Point  "A" 

In  figures  4-3,  4-4,  4-10,  and  4-11.  Therefore,  between  257.  and  507.  failure 
would  be  expected  for  the  virgin  material  If  used  material  were  cooled 
down,  nince  the  mean  failure  stress  is  lower  and  the  scatter  is  larger, 
between  757.  and  951  failures  would  be  predicted  with  this  material.  It  should 
be  reiterated  that  this  is  for  the  particular  situation  of  20-25  mesh, 
initial  temperature  of  1473°K  (2191°F)  and  flow  conditions  such  that  the 
quenching  liquid  remained  in  the  nucleate  boiling  regime,  rather  than  film 
boiling. 


These  concluaiona  were  drawn  assuming  \>p  ■ 0.3.  The  tensile  stresses  which 
would  be  predicted  decrease  as  vp  decreases.  If  vp  - 0.1,  then  the  maximum 
tensile  stress  on  cooldown  would  decrease  frem  885  psi  to  688  psi  and  fewer 
failures  would  be  expected  in  either  fresh  or  used  materials.  However,  this 
latter  value  of  Poisson's  ratio  appears  much  too  low  based  on  estimates  made 
by  Professor  Hasselman  (see  Section  3.3),  who  predicts  a value  of  0.25  which 
is  much  closer  to  the  original  assumption  of  0.3.  The  uncertainties  in  the 
predictions  which  arise  from  lack  of  accurate  values  for  tensile  failure 
stresses  and  Poisson's  ratio,  point  up  the  need  for  experimental  determinations 
of  these  important  material  properties. 

In  general,  the  results  indicate  that  failure  as  a result  of  hot 
gas  thermal  shock  during  heating  is  unlikely,  where  failure  from  liquid  quench 
thermal  shock  during  cooldown  is  distinctly  possible. 

4.2.4  Pressure  Profiles  Developed  Inside  a Catalyst  Particle 
by  External  Pressurization  or  Depressuriaation 

If  the  boundary  of  a porous,  permeable  catalyst  particle  is 
suddenly  exposed  to  a high  pressure  gas,  a series  of  transient  pressure 
profiled  are  developed  in  the  particle,  until  pressure  equilibration  is 
finally  obtained.  If  a catalyst  particle  has  fully  pressure-equilibrated 
at  a high  pressure,  and  suddenly  has  the  boundary  pressure  reduced  to  a 
low  value,  the  same  sort  of  process  occurs,  with  the  flows  being  in  the 
reverse  direction.  The  processes  of  mass  flow  of  gas  through  the  permeable 
material,  and  accumulation  of  mass  in  the  porosity  volume,  is  quite  analogous 
to  the  transient  response  to  external  heating  or  cooling.  To  determine  the 
relevant  time  scale  for  the  pressurization  or  depressurization  process,  a 
dimensionless  parameter  similar  to  the  Fourier  number  may  be  developed. 


118  - 


The  accumulation  of  gas  mass  in  an  element  of  porous  solid  is: 


RT 


(4.2-21) 


where  4 is  porosity 

My  is  molecular  weight  of  the  gas 
AP  is  change  ol  pressure 
R is  gas  constant 
T is  temperature 

The  mass  transport  rate  by  D'Arcy  flow  is 


M 


A ^ My  P AP 
U L R T 


(4.2-22) 


2 

where  Km  is  permeability  in  cm 

u is  viscosity  of  the  fluid 


Dividing  one  expression  by  the  other  gives  a dimensionless  group  analogous 
to  the  Fourier  Number: 


N 


m 


*m  p * 

4 u L2 


(4.2-23) 


To  find  the  appropriate  time  scale  for  particle  pressurization  or  depressurization 
it  is  only  necessary  to  evaluate  t in  the  above  expression.  Since  the  most 
damaging  temperature  distributions  were  obtained  at  a Fo  of  about  0-1,  it  is 
reasonable  to  evaluate  the  expression  for  pressure  at  the  same  value. 

t - 

Km  P 


6 

u 

L 

Km 

V 


6.66  x 10’  poise 
.05  cm 

.1  Darcy  - 9.869  x lO"10  cnr 
100  psia  - 6.8947  x 10^  dyne/cnr 

•26-x-At^6  x -052  y.-'-1-  . 6.36  x 10"6 

° x 6.8947  x 106 


t 


9.869  x 10 


second 


Hence,  the  pressure  equilibration  process  is  very  rapid  coopered  to  the 
thermal  equilibration  process.  The  time  scale  for  the  depresauriaatlon  of  a 
thrust  chamber  at  the  termination  of  a pulse  is  on  the  order  of  1 to  100 
milliseconds.  This  is  so  much  slower  a process  than  the  time  required  for 
depressurisation  of  a pellet  that  we  must  conclude  that  no  Internal  pressure 
stresses  will  occur  during  a normal  cutoff.  Very  rapid  pressurization  of 
a pellet  could  take  place,  by  local  detonations  or  shock  waves  in  the 
chamber.  Since  the  catalyst  is  relatively  strong  in  compression,  a steep 
fronted  wave  of  over  a thousand  psl  would  be  required  to  cause  any  damage 
by  pressure-generated  stresses  in  the  Individual  particles.  Explosions 
of  this  amplitude  would  produce  much  store  destructive  effects  by  producing 
compaction  pressures  within  the  bed,  so  the  effects  of  externally  impressed 
pressure  upon  the  Individual  particle  may  be  identified  as  non-destructive. 
The  worst-case  pressure  profiles  and  Internal  stress  levels  which  would  be 
generated  by  1000  psl  pressurlsatlon  or  depresauriaatlon  episodes  are 
illustrated  in  Figures  4-12  and  4-13.  Rapid  pressurlsatlon  will  be  assessed 
experimentally  during  the  "pop"  shock  tests  to  be  conducted  by  TRW. 

4.2.5  Particle  Stresses  Resulting  from  Internal 

Pressure  During  Pressurization  or  Depressurization 
in  the  Absence  of  Liquid 

The  stresses  resulting  from  Internal  pressure  may  be  calculated 
In  a manner  quite  similar  to  those  for  the  temperature  gradient.  The  total 
stress  per  unit  area,  e.g.,  Tr  la  the  sum  of  the  average  stress  in  the 
solid  material,  e.g.,  cl  plus  the  average  stress,  -fp,  caused  by  the  pore 
pressure,  (Reference  104)  l.e.. 


Tr  • <7r-fp  (4.2-24) 

where  p - pressure  in  the  pore  (pal) 
f ■ void  fraction 


Note  that  pressure  la  considered  positive  in  compression  and  stress  la 
considered  positive  in  tension.  The  average  stress  in  the  solid  material 
(per  unit  area  of  porous  metarial)  is  what  controls  failure.  Using  aquation 
(24),  one  finds  that  for  an  arbitrary  point  syssaetrlc  pressure  profile  p(r) 
in  a sphere  of  radius  rQ  where  the  external  pressure  on  the  outer  surface 
ia  equal  to  p(r0),  the  redial  end  tangential  stresses  are: 


o 

°r(r)  = "Svv^  f f J P(r)r2dr  - J p(r)r2dr 

I r r 

1 n a ' 


0 0 


+ fp(r)  -p(r0)  (4.2-25) 


end 


0 1 

1 [ T7  1 rtr>r2*r  ♦ *Jj|  j p(r)r2dr|  ♦ *p^Wr)-p(r0)(4.2-26) 


, J0 


i « 


For  the  purposes  of  equations  25  and  26  tke  pressure,  p(r),  la  the  absolute  pressure. 
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resa  (PSI) 


The  effect  of  the  internal  pressure  profiles  on  the  stress  in 
the  substrate  material  can  be  studied  by  looking  at  the  solution  to  two 
pressure  cases,  one  which  represents  pressurization  to  1000  psi  and  the 
other  blowdown  to  0 psi,  and  as  shown  in  Figure  4-12.  The  stress  distributuons 
produced  by  these  pressure  profiles  are  shown  in  Figure  4-13.  On  pressurization 
to  1000  psi,  the  stresses  are  compressive  in  the  body,  and  almost  hydrostatic. 

On  blowdown,  the  stresses  are  tensile,  but  are  very  low,  even  for  this  steep 
profile. 


Because  the  stress-state  in  the  body  during  pressurization  is 
almost  hydrostatic  compression  no  material  failure  is  expected.  The  stress 
state  during  blowdown  is  almost  hydrostatic  tension.  The  stress  levels 
^ bhe  matrix  are  much  lower  than  would  be  needed  to  produce  failure,  using 
the  biaxial  failure  envelope  given  in  Figure  4-3.  Therefore,  if  these  are 
the  worst  case  pressure  profiles,  then  the  internal  pressure  stress  should 
not  produce  material  failure. 

The  solutions  to  equations  (14),  (15),  (25),  and  (26)  have  been 
combined  in  a small  computer  program  which  solves  both  the  thermal  and  internal 
pressure  problems.  The  solution  for  the  combined  problem  is  obtained  by 
superposition  of  the  solutions.  A pair  of  simultaneous  pressure  and 
temperature  profiles  are  shown  in  Figure  4-14  and  the  corresponding  combined 
stresses  in  Figure  4-15.  These  are  typical  profiles  and  are  juBt  to  Illustrate 
the  principle  of  superposition.  The  resultant  stress  distributions  shown 
in  Figure  4-15  show  the  related  magnitude  of  the  thermal  and  internal 
pressure  solutions.  These  solutions  show  that  for  our  material  and  the 
pressure  and  temperature  profiles  of  interest,  the  worst  case  thermally 
generated  stresses  are  greater  than  those  generated  by  the  worst  case 
internal  pressure  distribution  due  to  pressurization  and  blowdown. 

In  general,  it  is  concluded  that  the  pore  pressure  gradients  present 
in  the  catalyst  particle  during  either  rapid  gas  pressurization  or  depressurization 
in  the  absence  of  liquid  will  not  cause  particle  failure. 

4.2.6  Particle  Stresses  From  Bed  Compression 

Whenever  the  bed  of  catalyst  pellets  is  made  to  bear  a compressive 
load,  local  stresses  are  produced  at  the  tiny  areas  where  the  pellets 
actually  come  into  contact  with  each  other.  It  is  the  local  stresses  produced 
in  the  pellets  at  these  points  of  contact  which  can  cause  local  failure  and 
the  loss  of  material  associated  with  bed  compression  stress.  There  are 
four  relationships  which  must  be  determined  to  define  the  effects  of  compression: 

1.  What  is  the  relationship  between  bed  compression  pressure 
and  the  normal  force  developed  between  adjoining  particles 
(required  for  the  analysis  of  flow-induced  pressure  loadings 
acting  on  the  bed,  and  also  for  differential  thermal 
expansion) . 
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Figure  4-14.  Pressure  and  Temperature  Profiles 

to  Determine  the  Radial  and  Transverse 
Stress  Distributions. 
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2.  What  Is  the  relationship  between  bed  volume  change  and 
the  resulting  bed  compaction  pressure  (required  for  the 
problem  of  differential  thermal  expansion). 

3.  What  are  the  distributions  of  stresses  produced  in  a 
particle  by  a given  level  of  normal  force  applied  by 
another  identical  particle. 

4.  What  is  the  volume  of  material  which  will  fall  as  a result 
of  the  stress  distributions  produced  in  the  particle, 

and  what  happens  to  the  smaller  fractured  particles  l.e. 
are  they  blown  out  of  the  catalyst  bed  or  trapped  in 
bed  interstices. 

4. 2. 6.1  Particle-to-Particle  Forces 

Resulting  from  Bed  Compression 

We  will  assume  that  the  bed  is  composed  of  Identical  spheres 
arranged  in  a face-centered  cubic  array,  (theoretical  closest  packing) 
as  illustrated  in  Figure  4-16.  It  may  be  seen  that  Sphere  E is  in 
contact  with  twelve  other  adjoining  spheres,  and  that  all  the  bed  coop resalon 
forces  acting  upon  Sphere  E must  be  supported  by  these  twelve  points  of 
contact.  Let  us  assume  that  the  spheres  are  frictionless  at  the  points 
of  contact,  so  that  all  of  the  points  of  contact  produce  only  forces 
normal  to  the  surfaces.  From  considerations  of  symmetry,  the  forces  acting 
on  the  x,  y,  and  z faces  of  the  unit  cube  will  be  equal,  i.e.,  the  bed 
compression  will  act  like  a hydrostatic  pressure.  The  force  acting  on 
the  z-normal  face  will  be  equal  to  the  bed  compression  stress  multiplied 
by  the  area  of  the  z-normal  face  of  the  unit  cube.  The  length  of  the 
diagonal  across  this  face  Includes  the  diameter  of  Sphere  E and  the  radii 
of  Spheres  B and  D,  hence  the  length  of  the  diagonal  is  4R  where  R is 
the  radius  of  the  spheres.  The  length  of  the  side  of  the  unit  cube,  then, 
mu at  be  2 TTr,  and  the  area  of  the  face  must  be  6 R^.  if  the  bed  compression 
stress  is  P,  then  the  force  exerted  on  the  z-normal  face  of  the  unit  cube 
is  8 R^P.  This  force  in  the  z direction  will  be  shared  between  the  upper 
cut  portions  of  Spheres  E,  A,  B,  C,  and  D,  with  Sphere  E supplying  one  half 
of  the  total  projected  area  in  the  plane.  The  force  borne  by  Sphere  E will 
be  one  half  the  total  or  4 R^P. 

Since  we  have  hypothesized  frictionless  contacts,  with  only 
normal  forces,  none  of  the  z-directed  force  acting  upon  Sphere  E can  be 
balanced  by  its  contacts  with  Spheres  A,  B,  C,  or  D,  hence,  all  of  the 
support  for  Sphere  E in  the  z direction  must  come  from  Its  contacts  with 
Spheres  F,  G,  and  the  other  two  equivalent  hidden  spheres.  Each  point 
of  contact  oust  contribute  one  quarter  of  the  total  z-directed  force  or 
R^P.  It  may  be  seen  that  the  forces  acting  between  Sphere  E and  the  spheres 
below  it,  are  elevated  45°  from  the  x-y  plane,  and  hence  each  partiele- 
to-particle  force  F is  R*P  divided  by  the  cosine  of  45°,  hence: 
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Figure 


-16.  Unit  Cube  from  a Face-Centered  Cubic  Array 
of  Identical  Spheres. 


(4.2-27) 


F - {T r2p 

where  F is  the  force  between  the  perticles 
R is  the  radius  of  the  spheres 
P is  the  pressure  applied  to  the  bed 

This  derivation  closely  follows  Reference  105.  The  relationship  given  in 
Equation  4.2-27  was  also  shown  to  be  valid  for  hexagonal -close  packing,  (106). 

In  a later  section  a method  for  determining  the  applicability  of  Equation  4.2-27 
to  our  problem  will  be  presented. 

4. 2. 6. 2 Stress  Produced  in  the  Particle  from 
Po i nt - t o-Point  Contact 


The  stresses  from  particle-to-particle  contact,  due  to  bed  compression, 
may  be  calculated  from  Hertz  contact  theory.  The  Hertz  contact  analysis  defines 
the  stress  distribution  in  a semi -infinite  body  due  to  the  presssure  distribution 
produced  by  a spherical  indentor.  The  solution  can  be  extended  to  the  contact 
between  two  spheres  if  the  radius  of  contact,  a.  is  small  compared  to  the 
radius  of  the  body,  RQ,  as  shown  in  Figure  4-17.  The  solution  is  shown  in 
Reference  101.  If  the  approximation  R0  a is  large  is  not  valid,  then  the 
solution  can  only  be  obtained  by  the  use  of  complex  computer  codes. 


The  solution  to  the  contact  problem  as  presented  in  Reference  101,  assumed 
the  displacements  of  points  within  the  contact  area,  a.  Figure  4-17,  that  were 
required  to  bring  the  points,  on  the  surface  of  each  sphere  at  R ■ a,  into 
contact.  Hertz  assumed  the  stress  distribution  within  the  contact  area  was 
hemispherical,  with  the  maximum  occurring  at  the  center  of  the  contact  area. 

The  displacements  predicted  by  the  assumed  stress  distribution  agree  with 
those  calculated  to  bring  the  points  on  the  surface  of  the  spheres  in  contact. 
Knowing  the  stress  distribution  and  the  contact  force.  F.  the  maximum  contact 
stress  was  shown  in  Reference  101  to  be: 


‘Jo 


(4.2-28) 


with  a radius  of  contact  of 


a 


(1-v2) 

E 


FR„ 


where  v is  Poisson's  ratio 
E is  Young's  Modulus 


(4.2-29) 
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To  relate  the  contact  stresses  to  the  bed  pressures  a relationship 
such  aa  Equation  (4.2-27)  Is  required.  For  the  remainder  of  the  analysis  of 
the  contact  problem,  the  bed  will  be  assumed  to  be  either  a face-centered 
cubic  or  a hexagonal  close  packed  sphere  aggregate.  Therefore,  the  contact 
stress  and  radius  of  contact  can  be  related  directly  to  the  bed  pressure 
by  using  Equations  (4.2-27),  (4.2-28)  and  (4.2-29). 

For  our  case,  using  the  Poisson's  ratio  of  the  porous  sphere,  vp> 
as  described  in  the  failure  section,  and  solving  Equations  (4.2-28)  and 
(4.2-29)  and  using  F from  Equation  (4.2-27)  yields. 


qo  - 0.64921 


(l-vj)2 


(4.2-30) 


a - 1.0198R  \/!  <L“WJ  (4.2-31] 

With  the  values  of  q and  a,  the  resultant  three-dimensional  stress 
distributions  in  a semi-infinite  flat  body  produced  by  a spherical  lndentor 
can  be  calculated  by  using  the  relationships  developed  by  Love,  Reference  107. 
Love  showed  the  stresses  are 


°R-  % 


Y 3R2 


L.  0-<f>33  + <1  + V a tan_  (P 
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(4.2-34) 
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The  qt>  used  In  this  analysis  la  that  from  two  aphsrea  In  point- 
to-point  contact,  given  Equation  20. 

The  amplitude  of  the  atreaaea  presented  In  Equatlona  (4.2-32  to 
4.2-37),  aa  discussed  in  Reference  101,  decrease  very  rapidly  as  R/a 
Increase  from  1.0,  where  R is  the  distance  from  the  center  of  contact  as 
shown  in  Figure  4-16.  At  the  surface,  for  R/a>3.,  the  <v/q_<  0.02. 

Therefore,  If  R/a  is  large,  the  effect  of  the  curvature  of  the  bodies 
can  be  neglected.  In  our  case,  for  10  psi  in  the  bed,  R/a  > 31. 

Therefore,  the  use  of  the  contact  solution  and  the  stress  distributions 
in  a flat  semi-infinite  half  space  should  produce  very  good  results  for 
the  stresses  produced  by  the  point-to-point  contact  of  two  spheres  of 
Shell  405  catalyst. 

The  discussion  of  the  results  of  the  contact  solution  in  Reference  101 
show  the  naxlasim  compressive  stress,  q<},  occurs  in  the  Z direction,  see 
Figure  4-17  and  at  the  center  of  the  contact  eras  R - o,  Z ■ 0 and  is  given 
by  Equation  4.2-36.  The  stresses  in  theother  two  orthogonal  directions  in 
the  R-0  plane,  at  the  same  location  are  also  cosqnresslve  and  related  to 
the  maximum  stress.  Reference  101  t r 

1 + 2 v. 

°r  " c9  * (4.2-38) 

The  contact  load  goes  to  sero  at  the  edge  of  the  contact  area,  R » a. 

This  is  the  location  of  the  maximum  tensile  stress 
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(4.2-39) 
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At  the  setae  location,  Z * O,  R ■*  a,  the  09  stress  is  equal  to 
-0*  and  — 0.  This  is  equivalent  to  a state  of  pure  shear  in  the 
r-8  plane  at  that  loca^Lon.  The  effect  of  Poisson's  ratio  and  the 
location  of  possible  failures  will  be  discussed  later. 

A computer  program  developed  under  another  program,  contract 
Mo.  DNA001-72-C-0024,  was  modified  to  calculate  the  total  stresses  due  to 
contact  forces,  thermal  gradients  and  internal  pressures.  The  solutions 
discussed  below  were  generated  by  this  program. 

The  effect  of  the  Poisson's  ratio,  vu,  of  the  porous  material 
on  the  maximum  contact  stress,  from  Equation  (4.2-30),  as  shown  in  Figure 
4-18  is  small.  Figure  4-18  does  show  the  maximum  contact  stress,  q0, 
increases  very  rapidly  for  very  low  bed  stresses. 

At  the  center  of  the  contact  area,  R-Z-0,  the  effect  of  \>p  on 
the  other  two  orthogonal  stresses,  Or  and  aQ,  in  the  r-6  plane,  given 
by  Equation  (4.2-30),  is  shown  in  Figure  4-19.  These  orthogonal  stresses 
are  also  compressive  at  this  point  and  can  vary  from  qQ/2  for  v_  ■ 0 
to  q for  v **  0.5.  Therefore,  the  center  of  the  contact  area  is  in  a 
compreasiveP state.  The  failure  model,  developed  in  this  Section,  for  a two 
dimensional  stress  state  indicates  the  failure,  probability  maximises 
at  the  center  of  contact,  and  at  the  edge  of  the  contact  area.  The  effect 
of  vu  on  the  maximum  tensile  stress,  or  from  Equation  (4.2-39)  is  shown 
in  Figure  4-20.  Changing  the  value  of  from  0.3  to  0.1  can  double  the 
tensile  stress.  The  other  stress  in  the  r-6  plane,  09,  is  compressive 
witha  magnitude  equal  to  or.  This  is  a state  of  pure  Bhear  at  this 
location. 


The  stress  distributions  for  oz.  Or,  and  09  along  the  contact 
surface,  Z-O,  as  a function  of  R,  where  R and  Z are  defined  in  Figure  4-17, 
are  shown  in  Figure  4-21.  These  stress  distributions  were  calculated  using 
the  computer  program  mentioned  earlier,  for  10  psi  bed  pressure,  Up  - 0.3 
and  E - 300,000  psi.  At  R-0,  the  center  of  contact,  the  stresses  are  all 
conqpresslve.  The  09  and  a~  stresses  remain  compressive  throughout  the 
contact  area,  R/a  < 1.  The  ofc  stress  becomes  sero  on  the  surface  outside 
the  contact  area,  R/a  1,  as  would  be  expected  as  no  surface  loads  arc 
being  applied.  The  o0  stress  remains  compressive  for  all  R/a.  The  or 
stress  starts  as  a compressive  stress  and  becomes  tensile  only  near  the 
edge  of  the  contact  area.  The  exact  location  is  dependent  on  the  material 
properties.  For  R/a>l,  outside  the  contact  area,  at  Z-0,  or  - -Og 
decrease  very  rapidly,  as  shown  in  Figure  4-21,  as  R/a  increases  tram  1.0 

Pol*  guy  given  level  of  bed  compaction  pressure,  the  radial  distribution 
of  surface  stress  in  the  vicinity  of  the  particle-to-partide  contact  may  be 
obtained  by  referring  to  4-18  to  find  qe  and  4-21  to  find  or/q<,  and  o0/qo 
versus  radius  (i.e.  R/a).  The  values  for  or  and  09  which  result  may  be 
plotted  over  the  biaxial  failure  surface  (illustrated  previously  as  figures 
4-3  and  4-4)  to  indicate  the  probability  of  failure  at  various  locations  within 
or  adjacent  to  the  area  where  the  particles  are  in  contact.  This  has  been 
done  in  figure  4-22.  The  points  marked  A,  B,  C,  D E,  F and  G represent 
the  values  for  and  09  at  values  for  R/a  of  0.0,  0.25,  0.50,  0.75,  1.0, 
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Figure  4-20.  Effect  of  Poisson's  Ratio  on  the  Maximum  Tensile  Stress, 
at  the  Edge  of  the  Contact  Area. 
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1.0 


Figure  4-21.  Stress  Distribution  on  the  Surface  of  Two  Spheres  of 
Fresh  Shell  405  Catalyst  with  a Bed  Pressure  of 
10  psi  for  vp  - 0.3. 
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Figure  4-22.  Failure  Surface  - Fresh  Shell  405. 
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Figure  4-24.  Bed  Treasure  Required  to  Produce  Catalyst 
Failure  aa  a Function  of  Poisson* a Ratio. 
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In  an  earlier  section  a two-dimensional  failure  model  was  developed 
from  a uniaxial  compressive  stress  failure  load  and  several  assumptions  about 
the  pore  shape  and  distribution.  In  view  of  the  uncertainties  of  the  pore 
shape,  pore  distribution  in  this  material  the  extension  of  this  single  failure 
point  to  a three  dimensional  failure  model  was  not  felt  justified.  Therefore, 
no  estimates  of  failure  volumes  were  generated. 


Future  studies  should  be  directed  to  obtain  additional  failure  data, 
e.g.,  tensile,  biaxial,  etc.,  from  which  a three-dimensional  failure  model 
can  be  constructed.  With  the  three-dimensional  failure  model  and  the  stress 
distributions  generated  from  the  earlier  analysis  the  volume  of  failed  material 
can  be  predicted  as  a function  of  bed  pressure. 


Considering  the  predicted  stresses  produced  by  the  thermal  loading, 
the  Internal  pressure  loading  and  the  particle-to-pertlcle  contact  loading, 
the  contact  problem  appears  to  be  the  most  damaging.  Thus,  the  calculations 
Indicate,  using  reasonable  assumptions  regarding  catalyst  properties  such 
as  Poisson  ratio,  that  failure  resulting  from  static  pressure  forces 
causing  excessive  particle  to  particle  contact  loading  in  all  probability  is 
a significant  mechanisms  in  catalyst  breakup.  The  results  suggest  that 
longer  engine  life  could  be  obtained  if  the  contact  area  between  particles 
were  Increased,  which  will  require  a redesign  of  the  shape  of  the  catalyst, 
or  by  techniques  to  Isolate  the  particles  from  each  other. 

4. 2. 6. 3 Relationship  Between  Bed  Volume 
and  Bed  Compaction  Pressure 

In  this  section  the  relationship  between  the  change  in  bed  volume 
as  a function  of  bed  pressure  for  a sphere  pack  is  presented.  This  relationship 
shows  the  relation  between  the  pressure  and  volume  change  in  nonlinear.  The 
relationship  also  gives  a simple  method  of  checking  the  accuracy  of  the 
sphere  pack  assumptions  used  to  calculate  point-to-point  contact  forces 
from  bed  compaction  pressure. 


The  relationship  for  the  change  in  the  bulk  volume  of  a pack  of 
identical.  Isotropic  elastic  spheres  under  an  external  pressure  P was  solved 
by  Brandt,  Reference  111.  The  solution  was  generated  by  using  Herts  contact 
theory.  The  Herts  theory,  as  presented  in  Reference  101,  shows  the  change  in 
radius  of  one  of  the  spherical  particles  at  the  point  of  contact  decreases 
by  the  amount 
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where  F " the  contact  force  (lbs) 

v “ Poisson's  ratios  of  the  spheres 
R ” radius  of  the  spheres  (in.) 

E ” Young's  modulus  (lbs/in?) 
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Since  the  displaceaent  la  not  linear  with  lead,  the  voluae  change 
is  alao  not  expected  to  be  linear  vith  load.  Brandt,  Reference  111,  using 
Hertz  contact  theory  and  a sophisticated  energy  technique  showed  for  an 
aggregate  of  equal  sized  particles,  in  random  packing,  the  relationship 
between  the  mean  pressure  in  the  bed  and  the  bed  volume  change  is 


~ = 3 
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(4.2-41) 


where  P “ pressure  in  the  bed  (psi) 

Ay  ■ the  voluae  change  of  the  bed  (in) 
v0  - the  initial  voluae  of  the  bed  (in) 

E “ Young's  aodulus  (psi) 

Vp  ■ Poisson's  ratio  of  the  porous  sphere 

This  relationship  was  generalised  in  Inference  111  for  a fluid 
filled  bed,  but  the  relationships  are  quite  complicated  and  are  not  presented. 
Equation  4.2-41  shows  that  while  the  particles  within  the  sphere  pack  reaala 
elastic  the  pack  does  not  follow  a linear  load  voluae  relationship.  If  the 
change  in  voluae  (Av/v)  is  plotted  versus  P2/^  (the  bed  pressure  to  the  2/3 
power)  then  a linear  relationship  is  expected.  Therefore,  frcn  Equation 
4.2-41,  nonlinear  bed  pressure  volume  relationship,  even  for  elastic  aeterials, 
is  expected. 

The  accuracy  of  Equation  4.2-41  was  tested  (Reference  112)  for  low 
aodulus  (soft  spheres  (E/((.v)2  “ 0.54  x 10*  psi)  and  high  aodulus  (hard) 
spheres  (E/(l-v)2  * 33  x iO6  psi).  Good  correlation  was  obtained  for  the 
soft  spheres  while  poor  correlation  was  obtained  for  the  hard  spheres.  This 
can  be  attributed  to  the  random  nonuniformities  In  the  radius  of  the  sphere 
which  had  a better  chance  to  be  evened  out  with  the  soft  spheres  than  with 
the  hard  sphere  at  low  pressures  (Reference  106). 

The  non-uniform  radius  and  size  problem  waa  considered  in  Reference  113. 
The  model  developed,  also  using  Herts  contact  theory,  for  spheres  not  la 
perfect  contact  as  was  assumed  earlier,  allows  for  an  increasing  ouafeMrr  of 
contacts  between  the  spheres  ss  the  pressure  increases . The  pressure -voluae 
relationship  in  Reference  16  ia 


At 

V 


a P2^  p $ pi 

b P2/3  P > Pi 


(4.2-42) 
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where  a,  b are  functions  of  the  naterial  properties  of  the 
spheres . 

pi  Is  the  bed  pressure  required  to  close  all  the  gaps 
due  to  the  initial  nommlfonaiti.es  of  the  spheres. 

Good  qualitative  correlation  with  Ottawa  sand  was  achieved  with 
Equation  42.  To  determine  if  our  material  follows  the  2/3  law  of  either 
Equation  42-41  or  4.2-42,  wore  experimental  compression  tests  should  be 
done  on  particle  beds  of  Shell  405.  If  significant  deviation  la  found 
from  Equation  4.2-41,  the  contact  force  given  In  Equation  4.2-23  should 
be  modified.  It  was  suggested  in  Reference  113  that  the  sphere  radius  be 
changed  to  an  effective  radius  of  curvature  at  the  contact  point  which 
is  determined  experimentally. 

4*3  Internal  Particle  Model 


When  liquid  hydrazine  contacts  a cold  pellet  of  Shell  405  catalyst, 
a series  of  processes  occur:  Inhibition  of  the  liquid  due  to  surface  tension 

forces,  decomposition  of  hydrazine  to  evolve  heat  and  decomposition  products, 
transport  of  heat,  liquid  and  gases  due  to  temperature  and  pressure  gradient, 
and  change  of  phase  or  change  of  physical  properties  associated  with  the 
increase  in  temperature  and  pressure.  If  sufficiently  high  temperatures  and 
pressures  are  developed  internally,  they  may  be  destructive  to  the  catalyst 
pellet.  To  evaluate  these  processes  in  a quantitative  way,  a mathematical 
model  of  the  internal  particle  processes  had  to  be  developed,  capable  of 
calculating  the  sequence  of  pressure  and  temperature  profiles  which  are 
generated  in  the  particle.  These  temperature  and  pressure  profiles,  once 
computed,  may  be  transformed  to  radial  and  tangential  stress  profiles  using 
the  methods  described  in  an  earlier  section  of  this  report.  Because  of 
the  complexity  of  the  flow,  state,  and  reaction  rate  processes,  it  is 
necessary  to  perform  the  calculations  by  a finite-difference  approach, 
using  digital  computer  numerical  integration  to  obtain  solutions. 


4.3.1  Flow  Through  A Porous  Media 


When  a pressure  gradient  causes  a single  fluid  phase  to  flow  through 
a porous  medium  completely  saturated  with  the  fluid,  under  conditions  where 
viscous,  continuum  flow  is  obtained,  the  flow  rate  Is  defined  by  D'arcy's 
Law 


dp 

u dL 


;.yp  « 

V dL 


(4.3-1) 


(4.3-2) 
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where  Q Is  volumetric  flow  rate 

A Is  the  cross-sectional  area  of  the  parous  body 
n Is  the  viscosity  of  the  fluid 
dP 

is  the  pressure  gradient  through  the  medium 

is  thepeirmef  aility,  a property  of  the  porous  medium 
p is  the  density  of  the  fluid 


When  a catalyst  particle  is  exposed  to  a reactive  gas  at  its  outer  boundary 
in  a system  where  appreciable  pressure  gradients  do  not  exist,  as  Is  the  case 
in  many  commercial  chemical  reactors,  then  the  transport  of  reactant  species 
into  the  catalyst  pore  volume  takes  place  principally  by  molecular  diffusion, 
driven  by  concentration  gradient.  Analyses  of  comma ret al  catalyst  pellet 
behavior  has  traditionally  been  baaed  upon  molecular  diffusion  as  the 
principal  (or  only)  transport  mechanism.  In  contrast,  when  a Shell  405  pellet 
is  wetted  by  liquid  hydrazine,  and  then  permitted  to  react,  there  are  large 
pressure  gradients  developed,  first  by  the  capillary  inhibition  pressure  or 
the  liquid,  and  later  by  the  high  pressure  gases  generated  by  the  decomposition 
of  hydrazine  which  has  flowed  to  the  interior  of  the  particle.  D'Arcy  flow  and 
molecular  diffusion  may  be  compared  to  determine  their  relative  Importance  In 
determining  mass  transport  in  a particle  of  Shell  405  catalyst.  Molecular 
diffusion  follows  Fick's  law: 


DA 


d£  _ 04  dP 
dL  gj-  <ni 


(4.3-3) 


where  D is  the  diffusion  coefficient 
A is  the  cross-sectional  area 
p is  density  of  the  diffusing  component 
L is  distance 

is  molecular  weight 

R is  gas  constant 
T is  temperature 


When  the  flow  rate  aasoclated  with  D'Arcy's  Law  is  divided  by  the 
rate  of  molecular  diffusion: 


flow 


diff 
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Du 


(4.3-4) 


The  values  for  the  properties  during  the  pressure  buildup  in  a 
practicle  assumed  were: 

-10  2 

K *■  .1  Darcy  — 9.869  ~ 10  cm 

B 7 2 

p ” 1000  pal  - 6.895  x 10*  dyne/cm 

D - .482  cmZ/aec 

u ■ .00119  poise 
• 

* • 9.869  x IQ’10  x 6.895  x 10?  - 1186 

M ^£2  -A82  x .000119 
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The  D'Arcy  flow  process  is  three  orders  of  ieciaal  magnl tude  greater 
then  molecular  diffusion,  hence  me  feel  justified  In  Ignoring  molecular  diffusion 
in  our  model,  and  retaining  only  D'Arcy  flow. 

When  two  fluid  phases  are  present  simultaneously  In  a porous  medium, 
then  the  presence  of  phase  A reduces  the  permeability  of  the  medium  for  the 
flow  of  phase  B and  vice-versa.  The  permeability  for  the  flow  of  each  phase  Is 
a fraction  of  the  single-phase  permeability,  and  this  fraction  is  called  the 
relative  permeability.  The  relative  permeability  is  a function  of  the  saturation 
of  the  two  phases,  where  saturation  is  defined  as  the  volume  fraction  of  the 
total  pore  volume  occupied  by  the  phase.  Figure  4-25  shows  the  experimental 
relative  permeability  of  the  alumina  to  n-decane  in  the  presence  of  sir  (Reference 
117).  By  definition,  the  relative  permeability  to  the  flow  of  the  liquid  Is 
100  percent  when  the  liquid  saturation  is  100  percent ; however,  the  relative 
permeability  falls  to  zero  when  the  liquid  saturation  is  still  30  percent*  This 
indicates  that  if  s wetting  liquid  penetrates  into  tbs  interior  of  a porous 
particle,  it  cannot  subsequently  be  entirely  removed  by  e flow  process,  such 
es  expulsion  by  the  flow  of  gee  past  it,  but  rather  can  only  be  removed  by 
evaporation  or  chemical  reaction  in  situ.  Figure  4-26  ahows  that  when  two 
phases  are  present  in  a porous  medium,  each  interferes  with  the  flow  of  the 
other,  but  that  the  effect  is  not  necessarily  symmetric  between  the  witting 
phase  and  the  nonwetting  phase  (Reference  118).  The  sum  of  the  two  relative 
permeabilities  at  most  saturations  is  usually  well  under  100  percent. 

4.3.2  Kllnkenberg  Effect.  Mon-Continuum  Flow  of  Geaes 

When  the  pore  sizes  in  e porous  medium  become  so  small  as  to  be 
comparable  to  the  mean  free  path  of  the  molecules  of  the  fluid,  then  non- 
continuum flow  effects  became  important.  For  flow  through  pipes  or  other 
man-made  hardware  of  a simple  known  shape  and  size,  the  Knudsen  number  can 
readily  be  calculated.  When  the  shapes  and  pare  size  distributions  ere  no 
better  known  than  is  the  case  for  e sample  of  porous  medium,  however,  an 
experimental  approach  is  necessary  to  define  the  effects  of  non-continuum 
flow.  Figure  4-27  shows  the  variation  in  experimentally  observed  permeability 
when  several  gases  having  different  molecular  properties  are  flowed  through  a 
fine-grained  porous  medium  et  various  pressures  (Reference  110).  The  increase 
in  observed  permeability  es  the  pressure  decreases  is  the  result  of  non- 
continuum  flow  becoming  important  in  an  Increasing  fraction  of  tjie  pores  In 
the  total  ensemble  of  pore  sizes  in  the  medium.  The  experimentally 
determined  non-continuum  flow  effect  can  be  described  by  the  relationship 

Kg-Kcd+^)  (4.3-5) 

Kg  is  the  gas  permeability  with  non-continuum  effects 
Kc  le  gas  permeability  under  continuum  conditions 
P is  the  gas  pressure 

b is  e coefficient  for  a given  gas  and  medium 


where 


The  constant  b in  the  above  equation  depends  on  the  mean  free  path  of 
the  gas  and  the  size  of  the  openings  in  the  porous  medium,  since  permeability 
also  varies  vith  the  pore  size,  it  would  be  expected  that  the  Rllnkenbezg  factor, 
b,  could  be  correlated  with  the  permeability.  Figure  4-28  shows  such  a correlation 
(Reference  120). 

In  our  model  of  the  processes  occurring  In  the  pellet,  the  flow  of 
liquid  hydrazine  and  of  hydrazine  vapor  or  product  gases  considers  the  time- 
varying  distribution  of  saturation  within  the  pellet  and  considers  the  resultdht 
local  relative  permeability  for  liquid  and  gas,  and  the  extent  of  non-continuObs 
flow  in  the  gas  phase  through  the  Kliakenberg  correction. 

4.3.3  Iabltltion  Pressure 


When  a non-wetting  fluid,  such  as  mercury,  is  injected  into  a porous 
medium,  displacing  a wetting  fluid  phase,  a considerable  pressure  may  be  required 
to  introduce  the  non-wetting  fluid,  the  pressure  varying  ae  a function  of  the 
saturation  of  the  porous  medium.  Conversely,  a wetting  fluid  phase  will  be 
preferentially  drawn  Into  a sample  of  porous  medium,  spontaneously  generating  a 
pressure  which  expells  any  non-wetting  phase  which  may  be  present.  These  pressures 
can  be  measured  to  fefine  the  imbibition  characteristics  of  the  porous  mediun. 

Figure  4-29  shows  raw  experimental  data  obtained  when  a particular  sandstone 

samples  was  Injected  with  mercury,  and  when  the  same  sample  spontaneously  imbibed 

water  to  displace  hydrocarbon.  The  shape  of  the  curves  is  the  same  for  the  two 

different  fluids,  with  only  the  scale  factor  differing  to  correspond  to  the  , , 

different  values  for  the  interfacial  tension  and  contact  angle,  i.e.,  ocae©/.  **  ®r®noe  ^ 

H.  C.  Leverett  proposed  the  J- function  to  correlate  imbibition  pressure  data 

(Reference  122): 


J(s) 


(4.3-6) 


where:  P£  is  imbibition  pressure 

a is  Interfacial  tension 
e la  contact  angle 
K la  permeability  of  the  medium 
4 la  porosity  of  the  medium. 


It  is  instructive  to  cohere  this  equation,  rearranged: 


capillary: 


Pc  “ ocoee  J(s) 

(D 

With  the  aquation  for  the  pressure  difference  across  a 


pc  " 


tern  la  approximately  proportional  6o  the 


(4.3-7) 

meniscus  in  a 

(4.3-8) 
value  of  pore 


— 146  - 


radius,  and  fhe  undimenaional  function  J(s)  describes  the  effect  of  pore  diameter 
distribution,  relative  to  the  mean,  over  the  entire  pore  volume.  Figure  4-30 
illustrates  J-functions  for  a wide  variety  of  different  materials,  including  a 
porous  alumina  (Reference  123).  Ihe  J-function  for  the  alumina  used  in  our  model 
is  taken  from  the  experimental  measurements  of  pore  sire  distribution  versus 
cumulative  pore  volume  in  Shell  405  done  at  U.A.R.L.  (Reference  124)  (Figure  4-31). 
This  can  be  converted  to  a curve  of  capillary  imbibition  pressure  versus  saturation, 
or  J-function  versus  saturation  by  using  Equations  6 and  6 (Figure  4-32).  The 
capillary  pressure  curve  presumes  room-tenperature  liquid  hydrazine,  having  a 
surface  tension  of  65.7  dyne/cm  and  a zero  vetting  angle.  The  J-function  curve 
presumes  a permeability  of  100  aillldarcy  and  a porosity  of  .25.  The  imbibition 
pressures  used  in  our  model  vary  with  time  and  location  in  the  pellet  according 
to  the  local  values  for  saturation  and  temperature-dependent  interfacial  tension. 

4.3.4  Thermal  Effects 


The  MDAC  internal  particle  model  calculates  the  convection  of  beat  due 
to  flow  of  both  liquid  and  gas,  the  conduction  of  heat  through  the  particle,  and 
the  effects  of  local  heat  evolution  or  absorption  due  to  decomposition  reactions 
and  hydrazine  phase  change.  If  the  catalyst  pellet  were  in  the  environment 
typical  of  most  coamercial  gas-phase  catalytic  reactor,  then  pressure  gradients 
would  be  small,  D'Arcy  flow  of  fluid  through  the  particle  would  be  small,  and 
heat  convection  could  be  ignored.  For  a particle  of  Shell  405  catalyst  exposed 
to  liquid  hydrazine,  however,  these  assumptions  are  not  valid,  as  can  be  shown: 

Conduction  of  Reat: 


o 

Q - K AJT 
L 

Convection  of  heat: 

H - *m  oACpTAP 
n AL 


Take  the  ratio  of  convection  to  conduction: 

- m 0 * 

Q° 


_H_  - m o P T AP 
U AT 


Use  reasonable  values  for  properties: 

- .1  Darcy  - 9. 869*10* iOcm2 
ogas  “ .0122  gramcm^ 

C_  - .679  cal/ gram  °K 

Fgaa 

T - 728.8  °K 

AP  ■ 1000  psi  " 6.8947*102  dyne /cm" 

“ .01  cal/sec  cm  °K 
^ ■ .005  poise 

AT  - 728.8  °K 


(4.3-9) 


(4.3-10) 


(4.3-11) 
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Room  Temperature  Hydrazine  Capillary  Pressure  PSI 


Figure  4-32 
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Function 


Evaluate  the  ratio  of  convective  to  conductive  heat  transport 


8 - 9. 869xl0~10x.0122x. 679x723. 8x6. 8947xl07  - 11. 

Q .Olx. 005x728.8 


Convective  heat  transfer  Is  seen  to  be  an  order  of  magnitude  more 
Important  than  conduction  under  the  particular  conditions  chosen  for  this 
comparison.  Obvious ly,  either  process  can  be  Important,  under  the  appropriate 
conditions,  and  the  Importance  at  any  particular  time  and  location  will  depend 
upon  the  particular  values  In  the  catalyst  pellet  being  analyzed. 

In  the  solution  of  the  Internal  particle  processes,  the  viscosity  of 
the  liquid  and  gas,  the  Interfacial  tension,  the  vapor  pressure,  the  specific 
enthalpies,  etc.,  are  calculated  as  functions  of  local  time -varying  temperature 
using  correlations  developed  for  the  NDAC  TCC  computer  program^ ference  125). 
Both  the  homogeneous  gas  phase  decomposition  rate  of  hydrazine  and  the  hetero- 
geneous, surface  catalyzed  decomposition  are  calculated  using  global  Arrhenius 
equations,  taken  from  the  work  done  at  U.A.R.L.  For  the  sake  of  simplicity,  the 
decomposition  is  assumed  to  be  one-step: 

N2H4 » N2  + 2H2  (4.3-12) 


4.3.5  Finite  Difference  Model 

The  Interior  of  the  pellet  is  represented  by  a linear  sequence  of 
nodal  points  and  lntemodal  paths  extending  from  the  external  environment 
(boundary  conditions)  to  the  center  of  the  sphere,  as  in  Figure  4-33. 

The  internodal  paths  transmit  gas  (product  gas  plus  hydrazine  vapor), 
liquid  hydrazine,  heat  and  enthalpy.  The  nodal  points  accumulate  gas,  liquid 
and  enthalpy  and  effectuate  phase  change  and  chemical  reaction.  The  nodes 
possess  extensive  and  Intrinsic  state  properties:  hydrazine  mass,  product  gas 

mass,  enthalpy,  temperature,  pressure  and  saturation. 

The  types  of  behavior  associated  with  nodal  points  and  internodal 
paths  is  illustrated  conceptually  in  Figure  4-34.  Thermal  equilibrium  between 
liquid,  solid,  and  gas  phases  is  presumed  at  each  nodal  point.  Phase  equilibrium 
between  hydrazine  liquid  and  vapor  Is  also  presumed.  The  fluid  temperatures  and 
vapor  concentrations  flowing  from  a nodal  point  are  those  of  the  nodal  point. 
Viscosities  and  densities  used  in  Internodal  flow  calculations  are  arithmetic- 
means  of  the  adjoining  nodes.  Relative  permeabilities  are  those  characteristic 
of  the  saturation  in  the  upstream  nodal  point. 

The  approximate  forms  of  the  more  important  governing  equations  are 
listed  below. 

Each  node  has  state  properties  associated  with  it. 
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Figure  4-33.  Pellet  Internal  Model 


ltai.1  enaulpy  - B„  - + H 


(4.3-13) 


gas 


H L - 0 V(l-rf)  h (T) 

Substrate  p«  s 


pft  “ density  of  solid  phase  (4.3-14) 

V " nodal  volume  - volume  of  spherical  shell 
4 ■ porosity  ■ pore  volume/nodal  volume 
hg(T)  ■ specific  enthalpy  of  solid  phase  at  temperature  T 
^Liquid  - D V «iS  h (t)  (4.3-15) 

S ■ liquid  saturation  ■ liquid  volume/pore  volume 
h (T)  ■ specific  enthalpy  of  liquid  phase  at  temperature  T 


Hgas 

hg(T) 


Pg  V d(l-S)  hg(T)  (4.3-16) 

specific  enthalpy  of  gas  phase  at  temperature  T 


Nodal  temperature  is  the  value  of  T,  found  iteratively,  which  satisfies 
the  above  enthalpy  relation  when  nodal  enthalpy  is  known.  The  enthalpy  versus 
temperature  iteration  is  done  while  maintaining  phase  equilibrium  between  the 
liquid  and  vapor  phase  of  hydrazine. 

Nodal  pressure  - P„  - PgaB  + Pvapor  (4.3-17) 

N_R  T 

PgaB  " <1-S)  (4.3-18) 

Ng  is  mass  of  gas  in  the  node 

R is  the  gas  constant 

H is  Mean  Molecular  Weight  of  the  gas 

vg 


P ■ f (T  ) 
vapor  K n' 


f(TR)  is  the  vapor  pressure  of  hydrazine 


(4.3-19) 


Generating  a New  Value  for  Nodal  Enthalpy  in  Node  2 of  Conceptual  Illustration 


H_  ■ H_  + inflowed  enthalpy  • outflowed  enthalpy  + enthalpy  of  reaction 

(t) 

+ inflowed  heat  - outflowed  heat 


Inflowed  enthalpy  - Mg(l)  * hg(l)  ' At  +§^(1)  ' h4(l)  * At 

Outflowed  enthalpy  - Mg(2)  • hg(2)  • At  + ^ (2)  * 1^(2)  * At 

o 

Enthalpy  of  reaction  • Mf(2)  • hy  • At 


(4.3-20) 

(4.3-21) 

(4.3-22) 

(4.2-23) 
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o 

Mf(2)  is  reaction  rate  of  hydrazine  in  Node  2 
hp  is  specific  heat  release  of  hydrazine  decomposition  reaction 
At  is  the  time  interval:  used  for  numerical  integration 
Inflowed  heat  - (A(l)/L(l)')  • (T(l)-T(2))  * At  (4.3-24) 

Outflowed  heat  - KT  (A(2)/L<2))  * <T(2)-T(3),  * At  (4.3-25) 

Gas  Phase  Flow  Rate  into  Node  2 of  Conceptual  Illustration 


o Kk  A (Pi-P2)  * 

Vl>  ' Pg  g - S 

Hg  L 


(4.3-26) 


Ka  ■ permeability  of  the  substrate 

Kj.  ■ relative  permeability  for  gas  (empirical  function  of 
£ saturation) 

K.  ■ Klinkenberg  rarefaction  correction  « (1  + b)  4.3-27) 

P 

b is  the  Klinkenberg  constant  for  the  substrate 
A ■ cross-sectional  path  area 

pg  - mean  density  of  gas  phase  materials  in  Nodes  1 and  2 

p,g  - mean  viscosity  of  gases  in  Nodes  1 and  2 (empirical  function  of 
temperature) 

L “ path  length 


Generating  a New  Value  for  Nodal  Gas  Mass 


Mg(t4£t)  " Ng^  + inflowed  gas  - outflowed  gas  + gas  formed  by  reaction  (4 


o N (1) 

inflowed  gas  ■ H (1)  * g 
© 


Ng(l)  + Nv(l) 


At 


(4.3-29) 


Ng  is  mass  of  product  gases 

M is  mass  of  hydrazine  vapor 

0 w (1) 

outflowed  gas  “ N (2)  * g . Ac 

Hg(  ■)  + V ) 

o 

gas  from  reaction  ■ Nf(2)  * At 


(4.3-30) 

(4.3-31) 


.3-28) 
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Liquid  Phase  Flow  Rate  into  Mode  2 of  Conceptual  Illustration 
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(4.3-32) 
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I 


1 


relative  permeability  for  liquid  (empirical  function  of 
saturation)  evaluated  for  saturation  of  Mode  1 

a.  cos  8 

imbibition  pressure  - jyj  J(S  ) (4.3-33) 


J(SX)  - J-f unction  evaluated  at  saturation  of  Mode  1 


* interfacial  tension  at  the  temperature  of  Mode  1 


Generating  a Hew  Value  for  Total  Hydrazine  in  Mode  2 


Mh(c+Ac)  ■ + inflowed  hydrazine  - outflowed  hydrazine  - 


hydrazine  reacted 

Inflowed  hydrazine  ■ M.(l)  At  + H (1) 

l g 

Outflowed  hydrazine  • M. (2)  At  + M (2) 

*■  8 


Mv(1) 

Mg(l)  + Hv(l)  At 

V2) 

Mg(2)  + My(2)  &t 


(4.3-34) 

(4.3-35) 

(4.3-36) 


Hydrazine  reacted  - M^(2)  'At 


Generating  a Mew  Value  for  Liquid  Mass,  Vapor  Mass.  Saturation 

New  values  are  found  for  liquid  and  vapor  hydrazine  by  iteratively 
determining  nodal  temperature  to  agree  with  nodal  enthalpy  while  maintaining 
hydrazine  phase  equilibrium. 
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v 


P 

vapor 


M V * (1-S) 
w 

RT 


*H 


- M 


(4.3-37) 

(4.3-38) 


V1  " Mt/Pn  where  V 18  11<»uid  volume,  is  liquid  (4.3-39) 

density  (empirical  function  of  temperature) 

S - Vj/V  where  S is  liquid  saturation  (4.3-40) 

Obviously  an  Iterative  approach  is  required  to  obtain  S 
together  with  T’and  P from  enthalpy,  and  known  phase  behavior. 


The  hydrazine  vapor  concentration  is 


P M 
■ v*ggl  * 
RT 


(4.3-41) 
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Estimating  The  Chemical  Reaction  Rate 


(4.3-42)* 


(4.3-43)> 


V « nodal  volume 
n 

Pv  ■ hydrazine  vapor  concentration 

10  -2L428. 

Mr  - V <K1-S)  Py  * 2.14  x 10 AU  e RT  (4.3-44) 

hom  s 
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+ M 


heterogeneous 
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het 


V^(l-S)  pv  * 10 


homogeneous 

o --3Z38 

e RT 


Initial  Conditions 


The  interior  of  the  particle  may  be  set  to  a uniform  initial  value  for 
temperature,  pressure,  and  liquid  hydrazine  saturation. 


Boundary  Conditions 

In  addition  to  the  internal  behavior  of  the  catalyst,  it  is  necessary 
to  impose  conditions  at  the  boundary.  The  boundary  temperature  and  pressure  may 
be  specified  in  an  arbitrary  time-dependent  way  by  designating  eleven  equally 
timed  values,  for  temperature  and  pressure,  with  linear  interpolation  with  time 
between  specified  points.  A time  may  be  specified,  for  the  boundary  to  "dry  up." 
The  boundary  trill  be  wetted  with  liquid  hydrazine  before  this  time,  and  will  con- 
tact only  dry  product  gas  after  this  time. 

4.3.6  Results  from  the  Operation  of 
the  Internal  Particle  Model 


Although  the  MDAC  Internal  particle  model  is  not  completley  developed 
and  verified  by  comparison  with  experimental  data,  test  cases  were  nevertheless 
run  with  the  model.  The  results  obtained  from  the  small  number  of  test  cases 
which  have  been  calculated  to  date,  however  indicate  the  nature  of  the  processes 
which  occur  when  a particle  of  cold  Shell  405  catalyst  is  wetted  with  liquid 
hydrazine.  The  sample  case  described  as  an  illustrative:  example  (Figure  4-35) 
is  based  upon  a particle  of  25  mesh  Shell  405.  The  initial  pressure  is  .001 
psi  and  the  initial  temperature  is  300°K.  At  time  zero  the  boundary  condition 
is  changed  to  liquid  hydrazine  at  300°K  and  1 psia. 

The  liquid  imbibition  proceeds  very  rapidly,  concurrent  with  pressure 
build-up  in  the  particle.  On  the  order  of  .2  microseconds  after  start,  the  first 
gas  commences  to  flow  out  of  the  particle.  The  Internal  gas  pressure  at  this 
time  is  about  12  psia.  The  liquid  hydrazine  continues  to  flow  Inward  very  rapidly 
countercurrent  to  the  outward  flow  of  gas.  This  countercurrent  flow  Is  possible 
because  the  gas  flow  is  driven  by  pressure  gradient  alone,  while  the  liquid  flow- 
is  driven  by  the  sum  of  pressure  gradient  and  capillary  imbibition  pressure 
gradient.  Both  phases  can  flow  Independently,  because  of  the  modest  liquid  satur** 
ation  of  the  outermost  laminae,  which  gives  appreciable  relative  permeability 
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Figure  4-35.  Internal  Particle  Model  Illustrative  Case 


for  both  liquid  and  gas,  i.e.,  the  presence  of  either  phase  at  this  time  does 
not  completely  block  the  flow  of  the  other  phase. 

At  a time  4.0  microseconds  after  start,  the  liquid  influx  at  the 
boundary  is  first  cut  off.  At  this  time  the  internal  gas  pressure  of  270  psia 
is  finally  able  to  overcome  the  liquid  imbibition  pressure,  which  is  now  much 
reduced  from  its  earlier  values,  because  of  the  high  liquid  saturation  of  the 
outermost  portions  of  the  particle  (65  percent  liquid  saturation) . At  thia 
time  the  volume  mean  saturation  of  the  entire  particle  is  44  percent  and  the 
temperature  rise  is  still  less  than  1 degree. 

The  flow  of  liquid  hydrazine  at  the  outer  boundary  of  the  pellet  re- 
verses as  the  internal,  gas  pressure  continues  to  rise.  At  12.19  microseconds 
after  start  the  maximum  outward  flow  rate  of  liquid  hydrazine  is  attained.  At 
this  time  the  liquid  saturation  at  the  surface  of  the  particle  is  decreasing, 
and  the  liquid  relative  permeability  is  declining  faster  than  the  outward  pres- 
sure gradient  is  increasing.  Liquid  hydrazine  from  the  outer  layer  of  the 
pellet  continues  to  be  drawn  from  the  outer  laminae  toward  the  center  by  the 
imbibition  pressure  gradient. 

The  outward  flow  of  liquid  hydrazine  from  the  outer  boundary  of  the 
pellet  does  not  cease  until  38.39  microseconds  after  start,  when  the  liquid 
saturation  in  the  surface  layer  has  decreased  below  30  percent,  which  reduces 
the  liquid  relative  permeability  to  zero. 

The  most  interesting  aspect  of  the  particles'  behavior  at  this  time  is 
the  increasing  temperature  due  to  the  exothermic  decomposition  of  hydrazine  in 
the  interior  of  the  particle.  As  the  temperature  increases,  both  the  vapor 
pressure  of  the  hydrazine  and  the  reaction  rate  of  the  hydrazine  vapor  Increase 
rapidly,  with  the  result  that  the  rate  of  temperature  rise  is  accelerated  still 
further. 


The  "thermal  explosion”  is  culminated  at  70  microseconds  after  start, 
as  the  last  of  the  liquid  hydrazine  in  the  pellet  is  consumed.  The  peak  pressure 
is  7390  psia. 

Following  the  pressure  peak,  the  passive  blowdown  of  the  particle  begins, 
and  by  95  microseconds  after  start,  the  pressure  has  declined  to  3171  psia. 

The  stress  imposed  upon  the  catalyst  particle  by  a pressure  excursion 
of  this  sort  is  easily  calculated.  The  pressure  profile  in  the  interior  of  the 
particle  is  remarkably  flat  during  the  time  that  the  highest  pressures  are 
attained.  According  to  the  equations  for  stress  generated  by  internal  pressure 
(4.2-25  and  4.2-26),  for  the  case  of  constant  pressure  profiles. 


f‘p 

(4.3-46) 

fp 

(4.3-47) 

where  O is  radial  stress  in  the  particle 

O0  is  tangential  stress  in  the  particle 
f is  the  porosity  of  the  particle 
p is  the  internal  pressure 
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For  a catalyst  particle  porosity  of  .26,  the  maximum  stresses  are 
each  calculated  to  be  1921  psi,  and  directed  in  tension.  This  stress  level 
should  produce  failure  according  to  our  best  estimate  of  the  failure  model 
for  Shell  405  (Figures  4-3  and  4-4),  however,  it  should  be  remembered  that  it 
is  rather  hazardous  to  estimate  a failure  in  biaxial  tension  solely  from 
experimental  failure  tests  performed  in  uniaxial  compression. 

In  general,  based  on  the  initial  results  of  the  internal  particle 
processes  model,  it  can  be  seen  that  contact  with  liquid  hydrazine  results  in 
imbibition  followed  by  in-situ  decomposition  which  can  produce  internal  particle 
pressures  capable  of  causing  particle  destruction. 


Engineering  Remedies 

One  way  to  avoid  the  internal  pressure  generation  which  arises  from 
liquid  imbibition  is  to  prevent  the  liquid  hydrazine  from  actually  contacting 
the  catalyst.  A possible  method  of  accomplishing  this  would  be  to  arrange 
thermally  conductive  metal  screens  ahead  of  the  catalyst  pack,  to  transport 
heat  from  the  zone  of  heat  release  to  an  upstream  location  where  the  liquid 
hydrazine  could  be  prevaporized.  An  alternate  method  to  prevaporize  the  hydrazine 
might  be  to  provide  an  open  volume  of  sufficient  length  between  the  injector 
and  the  upstream  end  of  the  pack  to  vaporize  the  hydrazine  spray  droplets 
during  their  passage  through  the  product  gases.  Due  to  the  high  latent  heat  of 
evaporation  of  hydrazine,  and  the  complexities  of  either  of  these  processes 
during  cold  start  transients,  either  of  these  approaches  would  involve  major 
problems  in  engineering  analysis.  Once  the  catalyst  particles  are  heated  to 
a temperature  20  percent  to  50  percent  (on  an  absolute  scale  of  temperature) 
above  the  boiling  temperature  of  hydrazine  at  the  existing  chamber  pressure, 
the  hydrazine  will  film-bind  and  refuse  to  wet  the  surface  of  the  catalyst 
(References  126-128).  This  should  protect  hot  catalyst  from  liquid  imbibition 
effects.  In  addition  theoretical  considerations  infer  that  smaller  or  more 
permeable  catalyst  particle  sizes  should  result  in  lower  peak  pressures. 


4.4  Differential  Thermal  Expansion 

One  of  the  mechanisms  that  may  cause  or  contribute  to  catalyst  breakup 
is  differential  thermal  expansion.  Differences  between  the  thermal  expansion 
rates  for  the  catalyst  bed  and  chamber  walls  can  result  in  application  of  com- 
pressive forces  to  the  bed  and/or  the  creation  of  voids  in  the  catalyst  bed 
which,  in  turn,  produces  considerable  particle  abrasion,  settling  and  channeling. 
The  differential  expansion  is  compounded  by  the  simultaneous  effect  of  chamber 
strain  associated  with  the  internal  pressure  forces.  The  differential  expansion 
phenomenon  normally  occurs  during  the  initial  ambient  start  of  a firing  sequence 
and  during  cooldown  after  the  last  pulse. 

This  section  presents  the  differential  thermal  and  pressure  expansion 
analysis  of  a monopropellant  hydzazlne  catalyst  thruster.  An  evaluation  of  the 
effects  of  various  operating  and  design  parameters  on  the  thermal  response  of  the 
catalyst  bed  and  chamber  wall  and  the  resulting  net  expansion  (or  contraction) 
is  also  presented. 

4.4.1  —Method  of  Calculations 

Kes ten's  (Reference  124)  analysis  of  catalyzed  hydrazine  decomposition 
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reactors  was  used  to  obtain  the  temperature  distributions  in  the  catalyst  bed. 
Calculations  of  the  temperature  and  reactant  concentration  distribution  as 
functions  of  time  and  axial  position  in  typical  reaction  chamber  configurations 
can  be  made  with  Kesten's  steady  state  and  transient  computer  programs.  The 
steady  state  calculations  are  required  to  provide  certain  inputs  to  the  trans- 
ient program.  Kesten's  transient  program  was  used  to  give  a representation 
of  the  thermal  transient  in  the  catalyst  bed  and  chamber  wall.  For  computational 
purposes  the  catalyst  bed  is  divided  into  nodal  segments  (usually  around  50 
segments)  and  temperature  and  pressure  calculations  are  made  for  these  segments 
as  a function  of  time. 

For  this  study,  the  transient  computer  program  was  modified  to  Include 
the  calculation  of  thermal  expansion.  Corresponding  to  the  nodal  particle 
temperatures  at  each  selected  time  point,  the  linear  deformation,  6 , is  cal- 
culated by  the  relation 

6t  =>  aL  (AT)  (4.4-1) 

in  which  a is  the  coefficient  of  linear  expansion,  L is  a length  and  AT  is 
the  temperature  change.  • Calculating  the  dimensional  change  of  each  segment  in 
this  manner,  the  incremental  volume  change  is  obtained.  The  change  in  bed  volume 
is  summed  from  the  inlet  position  to  the  end  of  the  bed  for  every  selected  time 
increment . 


Thermal  expansion  of  the  chamber  wall  is  calculated  from  the  wall 
temperatures  predicted  by  Kesten's  computer  program.  Kesten  calculates  the 
chamber  wall  temperature  assuming  Newtonian  heating  or  cooling,  i.e.,  internal 
resistance  (L/KA)  « surface  resistance  (1/hA^)  where  K is  the  wall  thermal 
conductivity,  A is  the  conducting  area,  h is  the  surface  conductance,  and  Aj  is 
the  surface  area.  For  the  thin-wall,  metallic  chambers  of  typical  flight  reactors, 
this  level  of  approximation  is  adequate  for  providing  qualitative  information  on 
the  effects  of  various  design  variables  on  the  differential  thermal  expansion. 

'»ith  this  assumption  the  temperature  in  the  chamber  wall  is  uniform  and  is  cal- 
culated by  the  equation 

JT  L 

Vu  dt  ,dc  / h»<Ii'V'i'  <4-‘-2> 

o 

where  TtJ  m wall  temperature 

Tj^  ■ Interstitial  phase  temperature 
t * Time 

My  ■ Thermal  mass  of  chamber  wall 
Cy  - Specific  heat  of  chamber  wall 
dc  “ Diameter 

hy  “ Heat  transfer  coefficient  between  bulk  fluid  and  wall 
z - Axial  distance 
L “ Length  of  reaction  chamber 
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The  equation  is  valid  if  the  outer  wall  surface  is  insulated.  Heat 
loss  from  the  chamber  wall  to  the  surrounding  atmosphere  can  be  accounted  for 
by  adding  a term  to  the  right  side  of  the  above  equation.  Heat  loss  by  natural 
convection  and  radiation  to  space  were  the  only  heat  transfer  modes  considered 
and  can  be  represented  by  the  form-haAw(Tw  - Ta)**25  or  -creAw(Tw4  - Ta4),  respectively 
where  ha  is  the  natural  convection  heat  transfer  coefficient.  Ay  is  the  chamber 
wall  surface  area,  Ta  is  the  ambient  temperature,  is  the  Boltzmann  constant, 
and  e Is  the  wall  emissivity. 


The  time  dependent  free  chamber  volun<£  is  based  on  the  wall  thermal 
expansion  and  the  s imultaneous  effect  of  chamber  strain  associated  with  the 
internal  pressure  forces.  For  a cylindrical  chamber  the  pressure  deformation  is 
calculated  by 


6 


P 


PD 

2tE 


(4.4-3) 


where  P is  the  chamber  pressure,  D is  the  diameter,  t is  the  wall  thickness 
and  E is  Young's  modulus. 

4.4.2  Results  of  Calculations 


Calculations  were  made  for  a monopropellant  hydrazine  reactor  with  the 
modified  transient  computer  program  to  evaluate  the  effects  of  various  system 
parameters  on  the  differential  expansion  of  the  catalyst  bed  and  chamber  walls. 

Table  4-2  sumnarizes  the  base  line  operating  and  design  characteristics  which  were 
used  for  the  calculation.  The  catalyst  bed  is  cylindrically  shaped  with  two  layers 
of  Shell-405  catalyst.  The  overall  bed  length  is  2 inches  with  the  upper  bed 
consisting  of  25-30  mesh  particles  in  the  first  0.2  inch  and  1/8  inch  pellets 
for  the  remainder  of  the  bed.  The  vacuum  thrust  is  5 lbf  and  the  bed  loading  is 
0.05  lb/in^-sec  which  results  in  a chamber  diameter  of  0.84  Inches  (nozzle  area 
ratio  of  2).  Chamber  wall  material  is  Haynes  Alloy  25  (L605)  which  is  a comoon 
structural  material  for  monopropellant  applications.  The  structural  thickness 
of  the  chamber  wall  is  sized  from  hoop  stress  considerations  unless  the  value 
calculated  is  less  than  the  minimum  handling  thickness  of  0.05  Inches.  The  wall 
heat  transfer  mode  assumed  for  the  base  line  calculations  is  natural  convection. 

Figure  4-36  illustrates  the  cold  (ambient)  start  temperature  histories 
in  the  catalyst  bed  and  chamber  wall  for  the  baseline  conditions.  The  temperature 
response  of  the  catalyst  particles  varies  along  the  length  of  the  bed  with  the 
response  decreasing  with  distance  from  the  inlet  end.  As  expected  the  chamber  wall 
temperature  lags  behind  the  catalyst  particle  temperatures.  Corresponding  to  the 
temperature  histories  in  the  bed  and  chamber  wall,  the  volume  change  is  presented 
in  Figure  4-37.  Although  the  chamber  wall  temperature  is  always  less  than  the 
catalyst  bed  on  start -uo,  the  volume  increase  in  the  chamber  is  greater  than  the 
volume  Increase  in  the  catalyst  bed  after  0.7  seconds.  This  is  the  result  of  the 
wall  coefficient  of  thermal  expansion  being  four  times  that  of  the  catalyst  particle. 
Prior  to  0.7  seconds  the  catalyst  bed  is  compressed  by  differential  thermal 
expansion  between  the  bed  and  chamber  wall.  The  chamber  wall  volume  change  shown 
in  Figure  4-37  includes  the  volume  increase  due  to  internal  pressure  forces.  The 
pressure  Induced  volume  change  is  significant  only  during  the  first  0.2  seconds 
of  operation.  After  5 seconds,  the  contribution  of  the  pressure  strain  is  only 
one  percent  of  the  total  wall  volume  Increase. 


163 


500  pst 


165 


Time  From  Start-Up,  Sec. 

Figure  4-37.  Catalyst  Bed  and  Chamber  Wall  Expansion  Histories. 


The  reactor  temperatures  at  the  end  of  the  on  pulse  form  the  initial 
conditions  for  the  cooldown  period  as  shown  in  Figure  4-38.  Translating  the 
temperatures  into  volume  changes  produces  the  results  shown  in  Figure  4-39. 

It  can  be  seen  that  the  dilation  of  the  catalyst  bed  at  the  end  of  the  on  pulse 
is  maintained  throughout  shutdown.  This  assumes  that  there  is  no  repacking  of 
the  catalyst  bed  from  pressure  forces  on  the  bed  or  by  mechanical  devices,  such 
as  springs.  If  the  volume  change  shown  in  Figure  4-39  is  re-calculated  so  that 
the  change  is  relative  to  the  volume  at  the  end  of  the  on  pulse  rather  than  the 
original  volume,  a net  compression  of  the  catalyst  bed  occurs  during  cooldown. 

4.4. 2.1  Effect  of  Bed  Loading 

The  effect  of  varying  the  bed  loading,  with  all  other  conditions  taken 
as  those  of  the  base  line,  on  the  start-up  differential  expansion  is  illustrated 
in  Figures  4-40  and  4-41.  A compression  of  the  catalyst  bed  occurs  initially 
but  changes  to  a dilation  0.7  sec  after  start-up.  The  magnitude  of  the  peak 
compression  and  dilation  increases  with  increasing  bed  loading.  This  trend  is 
caused  by  the  faster  temperature  response  at  increasing  bed  loading  of  (1)  the 
catalyst  bed  initially,  and  (2)  the  chamber  wall  after  the  normal  thermal  lag. 

The  loose  bed  condition  at  the  end  of  the  on  pulse  is  maintained  during  cooldown 
for  all  values  of  bed  loading  Investigated  if  the  bed  is  not  repacked.  Allowing 
bed  repacking  a greater  compression  takes  place  at  higher  bed  loading  as  illustrated 
in  Figure  4-42.  This  effect  of  bed  loading  will  diminish  if  the  bed  length  is 
optimized  for  each  bed  loading  value.  The  bed  length  is  more  nearly  optimized 
in  terms  of  gas  temperature  for  the  highest  bed  loading  of  0.10  lb/ln^-sec.  At 
lower  bed  loadings  the  ammonia  dissociation  increases  with  a subsequent  lowering 
of  the  bed  exit  gas  temperature . Reducing  the  bed  length  to  maintain  a constant 
ammonia  dissociation  will  have  the  effect  of  narrowing  the  differential  expansion 
differences  near  steady  state  conditions  and  on  cooldown. 

4.4.2. 1 Effect  of  Chamber  Inlet  Pressure 

Pressure  effects  on  the  start-up  differential  expansion  is  shown  in 
Figure  4-43.  The  contribution  of  pressure  induced  strains  is  clearly  illustrated 
in  the  figure.  The  sharp  initial  rise  in  the  net  volume  change  is  produced  by  the 
buildup  in  chamber  pressure.  This  phase  is  followed  by  bed  compression  as  the 
catalyst  bed  begins  to  increase  in  temperature . As  the  wall  begins  to  respond 
to  the  hydrazine  decomposition  environment,  the  wall  thermal  expansion  becomes 
dominant.  Pressure  does  not  have  a strong  effect  on  the  bed  compression  portion 
of  the  volume  change  cycle  other  than  to  vary  the  compression  duration.  Bed 
void  volume  increases  as  the  pressure  is  increased.  The  increased  wall  heat 
transfer  at  higher  pressures  accounts  for  the  greater  bed  void  volume  as  steady 
state  is  approached. 

An  interesting  result  is  obtained  during  cooldown  if  the  volume  change 
is  taken  relative  to  the  beginning  of  the  shutdown  cycle.  Figure  4-44  shows  that 
the  bed  is  compressed  at  higher  pressures  while  a loose  bed  is  obtained  at  the 
200  psl  pressure  condition.  For  the  relatively  low  bed  loading  (G  “ 0.01  lb/ln^-sec) 
and  pressure  (200  psi)  case,  the  chamber  wall  temperature  is  still  increasing 
after  shutdown  occurs . Therefore,  the  chamber  wall  volume  continues  to  increase 
for  another  3 seconds  after  reactor  shutdown. 
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Time  From  Shutdown,  Min 
Figure  4-36.  Cooldown  Temperature  Histories. 
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Time  From  Shutdown,  Min. 

Figure  4-39.  Catalyst  Bed  and  Chamber  Wall  Contraction  During  Cooldown 
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Figure  4-42.  Effect  of  Bed  Loading  on  Cooldovn  Differential  Expansion. 


+.0015 


172  - 


Figure  4-44.  Effect 


■ Table  4-2 


Conditions  Used  In  Differential  Thermal  Exp ana Ion  Calculation 


Catalyst  Type 

Shell-405 

Catalyst  Size 

Upper  Bed 

25-30  Mesh 

Lower  Bed 

1/8  in  Pellets 

Catalyst  Bed  Total  Length 

2 In 

Upper  Bed  Length 

0.2  In 

Vacuum  Thrust 

5 Lbf 

Pressure 

500  PS I 

Bed  Loading 

0.05  LB/In2-Sec 

Chamber  Material 

L605 

Chamber  Vail  Thickness 

0.050  In 

Bed  Diameter 

0.844  In 

Chamber  Wall  Cooling 

Natural  Convection 

4. 4. 2. 3 Effect  of  Thrust 

As  anticipated,  the  higher  surface-to-voluws  ratio  of  the  nailer 
reactor*  leads  to  gerater  heat  loaaaa  from  die  chaaber  well.  As  shown  In 
Figure  4-45,  the  resulting  lower  wall  teaperatures  produce  a greater  bed 
compression  but  a smaller  bed  void  later  on  in  the  starting  pulse.  The 
differences  in  volume  between  the  two  illustrated  thrust  value*  is  less 
the  effects  of  bed  loading  and  pressure  previously  shown.  Since  the  thruot 
variation  was  made  at  constant  bed  loading  the  results  of  the  variation  are 
also  applicable  to  a change  in  bed  diameter. 


4. 4. 2. 4 Effect  of  Case  Material 

Selection  of  a thrust  chamber  material  for  nonopropellant  applications 
is  usually  based  on  strength  properties,  resistance  to  nitriding  and  oxidation, 
and  compatibility  with  hydrasine.  Nickel  or  Cobalt  base  superalloys  are 
usually  chosen  for  the  engine  material  and  the  coefficient  of  thermal  expansion 
of  these  eiatexials  show  little  variation.  As  the  chamber  material  coefficient 
of  expansion  approaches  that  of  the  catalyst  particles,  the  steady  state  bed 
dilation  would  diminish.  However,  the  transient  bed  compression  condition 
would  be  increased  in  magnitude. 


4.4.3  Effects  of  Differential  Thermal 

Erpanalon/Contractlon  on  the  Catalyst 


If  we  assume  a bed  compaction  law  of  the  form  discussed  in  the  section 
on  particle  stresses: 


OH  - K P2/f3 
V 


(4.4-4) 


where 

V ■ Bed  volume 
P ■ Bed  compaction  pressure 

The  value  for  K may  be  obtained  from  the  Exxon  experimental  measurement  of  4 
percent  bed  compression  at  a pressure  of  1000  pal.  When  this  Is  done,  and  the 
equation  restated,  pressure  due  to  bed  compression  may  be  calculated: 

P - 125,000  (^)  1,5  (4.4-5) 

Figure  4-40  shows  that  the  start  transients  in  engines  having  bed 
loadings  of  .01,  .05  and  .10  lb/ln2  sec.  will  produce  bed  compressions  (AV/V) 
of  .0012,  .0026,  and  .0034  respectively.  These  compactions,  using  the  above 
expression  should  correspond  to  bed  pressures  of  5.2  psi,  16.6  psi  and  24.8  psl. 
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The  expression  (taken  from  a previous  section,  equation  4.2-27)  for 
the  force  acting  on  a pellet  in  a bed  at  a location  of  point-to-point  contact 
is: 


F - {2  R2  P 


(4.4-6) 


where 

F is  contact  force  at  a point  of  contact 
R is  radius  of  the  pellet 
P la  bed  compaction  pressure 

Using  the  values 

P - 24.8  psl 

R ■ .02  Inch  (25  mesh) 

2 

F ■ 2 .02  x 24.8  » .014  pounds. 

This  Is  well  under  the  .61  pounds  of  compressive  force  which  is  given 
In  Table  3-10  as  the  average  force  required  to  completely  crush  a 20-30  mesh 
particle.  Hence  It  may  be  concluded  that  the  differential  thermal  expansion  of 
a single  cold  start  by  itself  will  not  be  adequate  to  cause  catastrophic  destruction 
of  the  catalyst  pack. 

Referring  to  Figure  4-18  of  the  section  on  particle  stresses,  however. 
Indicates  that  a bed  compression  stress  of  25  psi  produces  a local  peak  stress 
of  9000  psl  in  the  catalyst  pellet  at  the  center  of  the  point  of  contact.  Referring 
to  Figure  4-22  of  the  same  section  shows  that  25  psi  of  bed  compression  is  sufficient 
to  Initiate  failure  in  either  used  or  new  catalyst  material,  hence  local  failure 
and  mass  loss  at  points  of  contact  should  be  expected  fr<m  25  psl  of  bed  compression 
stress.  This  conclusion  Is  experimentally  confirmed  by  the  bed  crushing  tests 
of  Figure  3-13  which  indicated  that  approximately  0.4  percent  of  the  bed  mass 
should  be  lost  from  a 25  psi  compression  of  the  bed. 

When  the  engine  cools  off  from  the  maximum  thermal  dilation  which 
occurs  at  steady- state,  the  bed  may  be  subjected  to  compression  stresses 
if  it  has  repacked  itself  during  this  period  of  maximum  dilation.  According  to 
Figure  4-42,  engines  having  bed  loadings  of  .01,  .05  and  .10  will  give  bed 
compressions  of  .004,  .013,  and  .0175  in  the  first  twenty  minutes  after  cutoff. 

These  correspond  to  bed  pressures  of  31.6  psi,  185  psi  and  289  pai.  The  highest 
of  these  bed  compression  pressures  is  sufficient  to  crush  15  percent  of  the 
catalyst  in  the  bed  according  to  bed  pressure  crushing  experimental  results 
of  Figure  3-12.  The  largest  unknown  in  this  process  apranrs  to  be  the  flow 
behavior  of  the  catalyst  bed  under  pressure  in  the  thruster  environment  e.g.  will 
it  repack  during  a dilation  phase.  Regarding  this  latter  point,  it  should  be 
noted  that  on  occasion  when  a used  thruster  is  opened,  the  catalyst  bed  is  so 
tightly  packed  that  it  will  not  flow  under  the  force  of  gravity  alone. 
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In  general,  it  con  be  seen  that  the  pressure  crushing  forces  which 
result  from  differential  thermal  expansion  effects  are  potentially  significant 
factors  in  catalyst  breakup. 

4 . 5 Fluid  Erosion 


The  objective  of  this  section  is  to  determine  the  amount  of  wear  caused 
by  particulate  contaminants  carried  in  the  propellant  stream  under  various  design 
and  operating  conditions.  To  do  this  a computer  program  was  developed,  capable 
of  calculating  the  erosion  wear  of  catalyst  pellets  under  a variety  of  conditions. 
This  computer  program  was  then  exercised  with  input  parameters  selected  to 
represent  specific  design  and/or  operating  conditions  of  interest,  to  determine 
the  amount  of  damage  to  the  bed  with  the  various  conditions. 

4.5.1  Program  Development 

Nielsen  and  Gilchrist  (Reference  129)  have  postulated  that  abrasion 
wear  of  a substrate  by  impinging  particles  occurs  by  a combination  of  two 
mechanisms:  (1)  cutting  wear,  in  which  the  Impinging  particle  digs  into  the 
surface,  like  a machine  cutting  tool;  (2)  deformation  wear  (work  hardening  due 
to  repeated  deformation,  then  cracking  of  the  surface  layers)  which  is  due  to 
impact  alone.  (The  term  "fatigue  wear"  will  be  used  for  deformation  wear 
in  this  report.)  Cutting  wear  is  at  a maximum  at  relatively  low  angles  of 
attack  (ca  30’)  on  the  substrate,  and  falls  to  zero  at  angles  near  90°;  fatigue 
wear  exhibits  the  opposite  dependence  on  angle  of  attack,  reaching  a maximum 
of  90°.  The  wear  in  all  cases  is  proportional  to  the  kinetic  energy  of 
the  impinging  particles. 

Nielsen  and  Gilchrist  correlated  published  literature  and  their  own 
experiments  by  the  equation 

, , Mff2coa2tt  sin  nor  + M (V  sin  o-K)2 
W " 2a  2e  (4.5-1) 

in  which  W is  the  "erosion”  [pounds  (mass)  of  substrate  removed]  caused  by 
impact  of  M pounds  (mass)  of  particles  at  angle  of  attack  a and  average  particle 
velocity  V feet/second;  K is  a cut-off  velocity,  below  which  no  fatigue  wear 
occurs;  n is  a material-dependent  constant;  o and  e,  the  wear  rate  constants, 
are  the  amount  of  kinetic  energy  which  must  be  "absorbed"  by  the  surface  to 
release  one  unit  mass  of  eroded  material.  The  first  term  of  the  Nlelsen-Gilchriat 
equation  calculates  cutting  wear;  the  second  term  calculated  fatigue. 

4.5. 1.1  Catalyst  Bed  Configuration  Assumptions 

The  arrangement  of  catalyst  pellets  in  a well-packed  bed  consists  of 
a series  of  layers  of  pellets,  each  layer  made  up  on  an  approximate  hexagonal 
arrangement,  with  triangular  interstice  passages  between  the  pellets.  The  passages 
are  perpendicular  to  the  plane  of  the  layer.  Figure  4-46  is  a sketch  of  this 
structure,  using  spherical  pellets  for  the  example,  and  viewing  the  spheres  cut 
through  on  their  equators. 
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Pellets  of  one  layer  fit  In  the  "cavities"  formed  between  pellets 
in  adjacent  layers,  as  shown  in  Figure  4-47.  In  this  position,  the  upper 
surface  of  each  pellet  in  layer  2 is  directly  below  and  perpendicular  to 
the  passage  between  the  pellets  in  layer  1.  Tlie  optimum  configuration  of  thm 
layers  places  a second  layer  pellet  behind  SOX  of  the  passages  through  layer  1; 
the  remainder  of  the  passages  through  layer  2 lie  directly  above  similar 
passages  through  layer  2.  The  arrangement  of  "blocked"  and  "open"  passages 
is  symmetrical,  as  sketched  in  Figure  4-48. 

4. 5.1.2  Effect  of  Temperature  on  the 
Fatigue  Wear  Coefficient 

The  Nielsen-Gllchrist  equation  does  not  include  consideration  of  the 
effects  of  temperature  on  the  abrasion  process,  and  little  of  the  published 
work  on  change  of  abrasion  with  change  of  substrate  temperature  is  applicable 
for  the  purposes  of  this  program.  It  has  become  accepted  that  surface  wear 
rates  of  most  materials  for  maty  types  of  wear  are  inversely  proportion  to  the 
surface  hardness  (References  130  and  131).  If  this  relationship  is  accepted, 
then  the  change  of  wear  rate  with  temperature  will  be  related  to  the  change  of 
surface  hardness  with  temperature. 

4.5. 1.3  Threshold  Velocity  for  Fatigue  Wear 

The  factor  K in  the  Nielsen-Gllchrist  equation  is  based  on  the  assumption 
that  fatigue  wear  ceases  abruptly  if  the  velocity  of  impingement  falls  below- 
come  lower  limit  equal  to  K (which  is  material  dependent) . Examination  of 
published  data  demonstrated  that  there  is  no  true  cutoff,  but  rather  a rapid 
decrease  in  damage  below  a threshold'  velocity.  If  the  fatigue  wear  constant, 
e,  (units  are  ft  lbs/lb)  is  calculated  as  a function  of  velocity,  it  la 
found  that  e Increases  abruptly  below  a certain  velocity,  but  does  not  become 
infinite  (Figure  4-49).  The  slopes  of  the  portion  of  the  plots  below  the  velocity 
limit  were  found  to  be  parallel  for  glass,  plastics  (TFE  and  Acrylic),  and  the 
metals  aluminum,  copper  and  steel. 

The  velocity  threshold  at  which  the  curve  breaks  ranges  from.  180  to 
1000  ft/sec,  and  of  course  the  plateau  value  for  & depends  on  the  substrate 
material. 


4.5.2  Method  of  Calculation 

The  algorithm  for  calculation  of  particle  impingement  erosion  was 
developed  using  the  following  assumptions. 

Erosion  (or  abrasion  wear)  is  presumed  to  be  caused  solely  by  condensed 
phase  (liquid  or  solid.)  materials  carried  by  a flow  of  gas  or  vapor.  No  wear,  is 
calculated  for  solid  particles  suspended  in  liquid  hydrazine.  Under  the 
conditions  which  apply  in  a rocket  engine  catalyst  pack,  the  cutting  wear  term 
of  the  Nielsen-Gllchrist.  equation  is  relatively  unimportant,  and  is  assumed 
equal  to  zero.  Liquid  droplets  are  presumed  to  arise  from  incomplete  vaporization 
of  the  hydrazine.  The  Kastan  steady  state  program  supplies  valuas  for  the  emount 
of  liquid  at  specified  locations  In  the  catalyst  bed.  The  data  from  the  Kesten 
program  are  interpolated  far  the  required  locations. 
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Solid  particles  are  presumed  to  arise  from  three  sources;  contaminants 
In  the  hydrazine,  particles  generated  in  the  bed  by  compression,  rubbing,  thermo- 
mechanical  shock  and  pore  pressure  imbalance,  which  may  be  supplied  as  auxiliary 
input  from  the  other  processes  considered  in  this  study,  and  particles  generated 
by  particle  impingement  erosion  at  other  locations  upstream  in  the  bed. 


Droplets  and  particles  are  presumed  to  travel  at  the  same  velocity 
as  the  gas/vapor  in  which  they  are  carried,  i.e.,  newly  generated  particles  are 
presumed  to  accelerate  instantaneously  to  the  stream  velocity. 


The  fatigue  wear  term  in  the  Nielsen-Gilchrist  equation  is  used  as 
the  model  for  calculating  wear,  with  the  following  modifications;  the  constant 
K is  eliminated  and  the  fatigue  wear  coefficient,  e,  is  treated  as  a function 
of  velocity  for  impingement  velocities  less  than  K: 


ey 


* ( Velocity 
e0  ''Limit  Velocity 


-3.5625 

) 


(4.5-2) 


The  value  of  c is  also  regarded  as  a function  of  the  substrate  (pellet) 
temperature 


CT>V  - - 2.82  x IQ'4  (T-Tq)  Cv 


(4.5-3) 


The  variation  in  pellet  temperatures  with  axial  locations  and  operating 
times  is  used  for  the  calculation  of  e,  and  are  taken  from  the  output  from  the 
Kesten-U.A.R.L.  transient  computer  program.  The  data  are  interpolated  to 
obtain  the  time  and  location  required. 

The  temperatures  of  the  vapor  and  of  the  impinging  particles  are  not 
presumed  to  affect  the  wear  rate  as  calculated  by  this  model.  Impingement  velocities 
are  calculated  as  follows. 

The  unimpeded  mass  flow  rate  of  the  liquid  hydrazine  upstream  of  the 
catalyst  bed  is  input  to  the  program.  The  total  cross  section  area  of  all  the 
passages  through  a layer  of  pellets  at  the  narrowest  point  (maximum  cross  section 
of  the  pellets)  is  calculated,  assuming  a circular  cross  section  for  the  pellets 
and  hexagonal  packing.  Because  of  conservation  of  mass,  the  same  total  mass  of 
fluid  must  flow  through  the  restricted  area  as  through  the  unimpeded  area  ahead 
of  the  bed.  Therefore,  the  velocity  must  be  Increased  by  a factor  Sfuel  to  the 
cross  section  without  pellets  divided  by  the  minimum  area  through  the  pellet 
layer.  The  unimpeded  velocity  is  calculated  from  the  mass  flow  rate,  then  the 
velocity  through  the  lf./er  is  calculated  by  multiplying  by  the  area  ratio. 

The  liquid  impingement  velocity  at  any  layer  is  taken  as  the  maximum  velocity 
through  the  preceding  layer.  The  volume  of  a unit  mass  of  liquid  hydrazine  la 
expanded  to  the  volume  of  gas/vapor  at  the  local  pressure,  temperature  and 
composition,  assuming  ideal  gas  law  behavior  and  the  exit  composition  of  reaction 
products,  and  correcting  for  vapor  quality.  The  gas  velocity  is  then  calculated 
by  multiplying  the  liquid  velocity  by  the  relative  volume  increase. 
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A simple  model  of  the  catalyst  bed  is  assumed.  This  is  Illustrated 
in  Figure  4-50.  Hie  pellets  are  assumed  to  be  spherical,  with  a radius  which 
will  result  In  the  same  volume  per  pellet  as  the  average  for  the  actual  pellets. 

If  the  bed  being  modeled  consists  of  only  a single  type  of  pellet.  It  is  necessary 
to  input  the  data  on  pellet  characteristics  twice,  and  to  assume  a fictitious 
division  between  the  two  sections.  Eleven  stations  along  the  bed  are  selected 
for  calculation  of  damage.  Two  of  thsse  are  invariant;  the  first  station  is 
always  the  second  layer  of  pellets  in  the  forward  section,  and  the  fifth  station 
is  always  the  front  layer  of  the  aft  section.  The  retraining  stations  are 
automatically  selected  to  select  four  equally  spaced  locations  in  the  forward 
bed  and  seven  equally  spaced  locations  in  the  aft  bed. 

The  operating  time  is  divided  into  17  increments.  The  first  four 
increments  are  equally  spaced  in  the  start-up  transient,  the  last  four  increments 
are  equally  spaced  in  the  tail-off  transient,  and  the  remaining  nine  increments 
are  equally  spaced  in  the  steady  state  operating  period.  The  tail-off  is 
considered  to  be  complete  when  the  chan&er  pressure  drops  to  atmospheric;  it 
does  not  include  the  extended  cooldown  period  when  there  is  no  flow.  Any  of 
these  periods  can  be  assigned  a zero  duration  in  the  data  input,  in  which  case 
the  time  increments  are  assigned  to  another  period. 

Calculation  Sequence 

1.  Read  in  data  defining  bed  configuration,  pellet  specification,  propellant 
specifications,  operation  parameters,  and  bed  conditions  during  operation. 

2.  Establish  calculation  locations  and  time  increments. 

3.  Calculate  specific  details  of  bed  structure  including  layer  spacing, 
interstice  volume,  passage  area,  number  of  pellet  layers  per  section,  etc. 

4.  Calculate  the  velocity  of  liquid  hydrazine  flow. 

5.  Calculate  the  time  for  a volume  of  hydrazine  equal  to  pore  volume  of  the 
bed  to  flow  through  the  bed  (wave  duration). 

6.  For  time  increments  1 to  17  carry  out  the  following  calculations  (7-22). 

7.  For  calculation  locations  1 to  11  carry  out  the  following  calculations 
(8-17). 

8.  Interpolate  the  time-location-tenperature  table  to  determine  the  substrate 
temperature . 

9.  Interpolate  the  propellant  quality-location  table  to  determine  the  propellant 
quality. 

10.  Interpolate  the  intra-bed  particle  generation-time-location  table  to  find 
the  generated  particle  concentration. 

11.  Calculate  the  mass  of  impinging  particles  and  droplets. 
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12.  Calculate  the  impingement  velocity. 

13.  Calculate  the  wear  rate  factor  corrected  for  velocity  and  aubstrate 
temperature . 

14.  Calculate  the  war  during  a time  equal  to  the  wave  duia' i on. 

15.  Calculate  the  wear  rate. 

16.  Calculate  the  damage  (amount  of  material  removed). 

17.  Add  the  material  removed  to  the  maas  of  impinging  particles  and  Integrate 
the  wear  forward  to  the  next  station,  layer  by  layer. 

18.  Average  the  war  rate  betwen  the  last  time  Increment  and  the  current 
time  increment,  and  calculate  the  damage  over  the  time  Increment. 

19.  Calculate  the  average  pellet  dimensions  in  each  bed  section  at  the 
end  of  the  time  inclement. 

20.  Recalculate  the  bed  parameters:  length,  pellets  per  layer,  layers 
peraectlon. 

21.  Print  notice  of  extreme  war  (5Z  change). 

22.  Use  new  bed  and  pellet  parameters  as  basic  condition  for  calculations 
at  the  next  time  increment. 

23.  Calculate  the  total  change. 

24.  List  results;  final  condition  of  bed,  total  mass  and  volume  change,  war 
at  selected  locations  at  each  time  Increment. 

25.  Plot  results. 

26.  Test  for  new  case.  Reset  variables  and  read  in  new  data  if  another 
case  is  to  be  run. 

Input  Data  Values  Used  to  Rur.  the  Computer  Program 

Hie  program  has  been  run  using  a single  nominal  engine  and  pulse, 

varying  only  the  solid  contaminant  concentrations  in  the  hydrasine  supply. 

The  basic  data  are  the  following. 

1.  Bed/pellet  description: 

Bed  radius  0.10656  meter  (4.195  inch) 

Bed  length  0.05596  meter  (2; 203  Inch; 

Forward  Section  length  9.06508  meter  (.20  inch) 

Aft  Section  length  0.0508  water  (2.0  inch) 

Pellet  Radius,  Forwrd  Section  0.00305  meter  (.012  inch) 

Pellet  Radius,  Aft  Section  0.001951  meter  (.079  inch) 
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2.  Propellant  properties: 

Flow  Rate  35.13  kg/sec-m^  (.05  Pounds/Square  Inch-second) 

Density  1008.3  kg/m3  (1.0083  gm/cc) 

Chamber  Pressure  3.446  x 107  N/m2  (4989  psi) 

3 . Times 

Start-up  0.0115  sec 
Steady  State  5.0  sec 
Tailoff  0.022  sec 

The  times  were  selected  from  the  output  of  the  Kesten  Transient  program 
which  was  executed  with  the  same  bed,  pellet  and  propellant  data  to  supply 
the  tlme-locatlon-pellet  temperature  table  required  as  Input  by  ABRADE. 

Propellant  quality  vs  location  was  obtained  from  a run  of  the  Kesten  One-Demlnslonal 
Steady-State  program. 

Values  for  the  Important  wear  rate  coefficients  e (energy/unit  mass 
removed),  VLL  (velocity  lower  limit,  the  velocity  below  which  e Is  no  longer 
constant),  EXP  (the  slope  of  the  ds/dV  curve),  and  TFACT,  (the  change  In  e 
with  temperature)  for  the  catalyst  pellets  could  not  be  found  in  the  literature, 
and  the  values  used  for  the  calculations  were  estimated  from  analogous  materials 
and  related  properties. 

e - 0.477904  JOULE/KG 
EXP  - - 3.5625 
VLL  - 25.5  H/SEC 

TFACT  - - 2.82  x 10"4  JOULE/KG-DEG 

When  the  program  was  operated  with  these  data  as  input,  and  with  clean 
hydrazine  (no  particles),  a value  of  zero  was  calculated  for  total  damage. 

Using  the  same  basic  data,  but  including  particle  contaminants  In  the  hydrazine 
resulted  in  mass  loss  calculated  for  the  pellets.  For  a particle  mass  fraction 
concentration  of  1 x 10"4  the  calculated  damage  during  the  5-second  pulse  was 
5 x 10"3  percent. 

4.5.3  Results 


The  ABRADE  program  to  calculate  abrasion  wear  by  particles  carried  In 
whe  gas  phase  has  been  coded  and  executed.  Calculations  by  the  program  are  in 
ucord  with  experience  In  that  there  is  negligible  erosion  damage  from  operation 
of  the  bed  even  with  a cold  start.  Particulate  material  carried  in  the  gas 
stream  Is  needed  for  appreciable  wear.  The  numerical  values  obtained  appear 
to  be  reasonable.  The  results  calculated  are  compromised  by  the  necessity  to 
estimate  the  most  important  of  the  physical  properties.  It  would  be  desirable 
to  determine  actual  values  for  e for  pellets  at  several  flow  rates  and  substrate 
temperatures,  to  provide  real  values  for  the  coefficients  used  in  ABRADE. 

4. 5.3.1  Parametric  Variation  Study 

An  evaluation  ires  conducted  to  determine  the  effects  of  several 
parameters  on  the  wear  of  catalyst  pellets,  by  calculation  of  the  wear  at 
several  levels  of  the  parameters.  The  parameters  studied  in  this  fashion 
include: 
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1.  Solid  contaminant  concentration  in  propellant. 

2.  Propellant  quality  (vapor/liquid)  distribution. 

3.  Propellant  flow  rate. 

4.  Chamber  pressure. 

5.  Bed  L/d  ratio  at  constant  volume. 

The  various  parameters  affected  the  wear  to  different  degrees.  The 
results  for  each  analysis  are  discussed  below.  In  all  cases,  the  parameters 
under  study  were  held  constant.  The  values  described  above  for  the  standard 
test  case  were  used. 

Contaminant  Concentration 


A set  of  eight  runs  were  conducted  in  which  the  concentration  of  solid 
particulate  contaminant  in  the  Incoming  liquid  propellant  was  varied  over  the 
range  0 to  0.1  kg/nr*  (mass  fraction  range  0 to  1 x 10“4).  Two  additional  runs 
were  conducted  at  the  highest  concentration  with  5 pulses  and  10  pulses.  The 
wear  was  found  to  vary  linearly  with  particle  concentration,  and  It  became 
significant  (i  * 10“4  percent  in  a single  5 second  pulse)  at  about  0.5  PPM. 

The  reaults  are  plotted  in  Figure  4-51.  The  wear  for  multiple  pulses  at  the 
higher  concentrations  of  particles  was  not  linear  with  the  number  of  pulses, 
due  to  progressive  degradation  of  the  bed.  There  was  a multiplication  factor 
of  1.06/pulsc  for  5 pulses  and  1.08/pulse  for  10  pulses. 


Liquid  Droplet  concentration 


A set  of  four  runs  ware  conducted  in  which  the  fraction  of  Injected 
hydrazine  moving  as  droplets  at  various  locations  was  varied.  The  liquid  droplet 
particle  concentrations  were: 

1.  50  percent  liquid  at  1.1747  x 10"^  meters,  (.00462  inch),  0 percent  liquid 
at  1.1790  x 10"4  meters  (.00464  Inches). 

2.  50  percent  liquid  at  2.5  x 10"^  meters  (.00984  inch),0  percent  liquid  at 
4.3  x 10-*  meters  (.01693  inch). 

3.  50  percent  liquid  at  6.2  x 10*4  meters  (.02441  inch),  0 percent  liquid 
at  1.2  x 10-3  meters  (.04724  inch). 

Only  in  the  last  case  did  the  calculations  indicate  any  wear,  and 
in  (.hat  case  the  wear  was  0.23  percent  in  one  5 sec  pulse,  which  is  quite 
significant. 


An  implicit  assumption  in  this  calculation  is  that  any  liquid  present 
is  carried  as  droplets  in  the  gas/vapor,  and  condensed  state  flow  along  surfaces 
is  not  considered. 
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10  Pulses 
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Particle  Concentration 
(Log10  Mass  Fraction) 


Propellant  Flow  Rate 


A set  of  3 runs  was  conducted  to- study  the  effect  of  propellant  flow 
rate  on  wear  of  catalyst  pellets.  The  conditions  selected  Included  a particulate 
concentration  of  0.1  percent  by  weight,  and  flow  rates  14  percent  below  and 
above  the  nominal  rate  of  34  Kg/sec  (.05  pounds/sec  in^).  Since  a constant 
chamber  pressure  was  assumed,  the  increased  propellant  flow  rate  is  interpreted 
as  an  increased  gas  velocity. 

The  results  are  plotted  in  Figure  4-52.  The  flow  rate  has  a significant 
effect  of  wear  rate.  When  the  rate  increases  by  33  percent  (from  33  to  40  Kg/sec-m?, 
.0426  to  .0568  pounds/sec-in^) , the  wear  rate  is  increased  by  2 orders  of 
magnitude. 


This  effect  is  not  only  important  in  its  own  right,  but  also  must 
be  considered  in  the  basic  wear  process  by  contaminant  particles.  The  program 
currently  accelerates  newlv  generated  particles  to  full  gas  stream  velocity 
instantaneously.  This  cannot  be  strictly  correct--tho  actual  velocity  of  a 
particle  is  determined  by  the  diameter  of  the  particle,  the  velocity  of  the 
gas,  the  relative  density  of  the  particle  and  the  gas,  and  the  length  of  time 
to  which  the  particle  is  exposed  to  the  acceleration  drag  of  the  gas.  In  the 
typical  conditions  in  the  catalyst  bed,  a particle  1 „ in  4 tame ter  will  reach 
gas  velocity  (10  m/sec)  in  about  the  diameter  of  a catalyst  pellet,  but  a 10  u 
particle  will  only  be  moving  at  about  1 m/sec  after  traveling  the  same  distance. 

In  the  calculations  for  particle  wear  with  the  propellant  contaminated 
with  1 x 10*4  mass  fraction  of  particles,  during  the  period  of  maximum  wear  rate 
the  concentration  of  abraded  material  was  2 to  3 orders  of  magnitude  greater  than 
the  contaminant  concentration.  Uithout  experimental  data  on  wear-generated 
particle  sizes,  it  is  impossible  to  determine  the  exact  effect  of  the  negelected 
acceleration,  but  the  wear  rate  could  be  reduced  appreciably. 

Chamber  Pressure 


Three  runs  were  conducted  with  all  parameters  except  the  chamber 
pressure  held  constant,  and  at  3 levels  of  chamber  pressure,  3.0,  3.45  and 
4.0  x 10?  N/u>2  (4343.,  4989.  and  4791.  psi).  It  was  found  that  wear  rate  is 
inversely  proportional  to  the  square  of  the  pressure,  on  a parabolic  curve. 

The  effect  is  significant,  but  not  greatly  so;  an  Increase  of  33  percent  in  the 
pressure  from  3 to  4 x 10'  N/mz  caused  the  wear  rtle  to  decrease  by  about 
50  percent.  The  results  are  shown  in  Figure  4-53.  These  results  must  also 
be  Interpret  as  velocity  effects,  as  the  program  assumes  gas  velocity  to  be 
Inversely  proportional  to  gas  density. 


Bed  L/P  at  Constant  Volume 

TWo  runs  were  made  in  which  the  bed  radius  and  length  were  varied 
in  opposite  directions  while  holding  the  volume  constant.  There  was  an 
Inalgnif leant  decrease  in  wear  aa  the  L/D  Increased.  Thus,  the  L/D  ratio 
is  not  a significant  factor  affecting  veer. 
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Bed  Length 

Bed 

Radius 

Percent 

(meter ) 

(inch) 

(meter) 

(inchf 

L/D 

Volume  Removed 

4.477  x 10-2 

( i ■ /b) 

0. 12 

(4.72) 

0.187 

6.7  x 10“3 

10.02  x 10‘2 

(3.94) 

O.Cti 

(3.15) 

0.0626 

5.6  x 10~3 

4. 5- 3. 2 Discussion  and  Conclus ions 


Calculations  ihdicate  that  the  wear  of  catalyst  pellets  by  abrasion 
from  vapor-suspended  particles  is  affected  by  a number  of  parameters  which 
can  be  selected  by  system  desi  iers.  The  most  significant  parameters  are 
propellant  flow  rate  and  propellant  purity. 

The  calculations  In  Section  4.5  were  carried  out  at  pressures  which 
are  higher  than  employed  In  thrusters.  Calculations  at  lower,  more  typical 
conditions  are  planned.  However,  directionally  wear  rates  should  be  higher 
at  lower  pressures  because  of  Incressed  velocities  at  lower  pressures.  Thus, 
the  calculated  effects  of  fluid  erosion  are  expected  to  be  greater  at  lower 
pressures. 

4.6  Pressure  Shock 


4.6.1  Catalyst  Bed  Plow  numerical  Model 

The  compressive  lorce  on  a catalyst  bed  associated  with  a hard  start 
comes  from  the  flow  impedance  as  the  gas,  explosively  produced  at  the  upstream 
end,  attempts  to  pass  through  the  bed  to  escape  through  the  nozzle.  Figure  4-54. 
Because  of  the  obvious  complexities  associated  with  the  non-linear  flow  relation- 
ship in  the  catalyst  bed  the  sequence  of  pressure  profiles  through  the  bed  must 
be  obtained  by  numerical  means.  It  would  be  desirable  to  be  able  to  predict  the 
upstream  pressute-time  history  of  an  explosive  hard  start  from  first  principles, 
however,  since  this  is  beyond  the  present  state-of-the-art,  our  computer  model 
starts  with  an  experimental  or  hypothesized  upstream  chamber  pressure  history, 
as  an  imposed  upstream  boundary  condition.  The  measured  (or  hypothesized) 
pressure  history  is  approximated  in  our  computer  model  by  ten  straight-line 
pressure-time  segments,  each  covering  one  tenth  of  the  total  conqmter  time 
interval.  The  flow  through  each  axial  element  of  the  bed  is  first  calculated 
based  on  the  •'.sumption  of  D'arcy  Flow  (i.e.  completely  viscous  flow).  Local 
Reynolds  Number  is  then  calculated,  based  on  mean  particle  diameter.  If  the 
Reynolds  Number  in  higher  than  10  a drag  coefficient  is  calculated,  a new  flow 
race,  new  Reynolds  Number,  and  finally  a new  drag  coefficient.  This  iteration 
Ls  continued  until  the  flow  rate  converges  to  the  correct  value.  The  drag 
coefficient  correlation  comes  from  the  work  at  Fancher,  Lewis,  and  Barnes 
(Reference  132)  and  is  illustrated  in  Figure  4-55.  The  20-30  mesh  Ottawa  sand 
used  to  produce  the  curve  lab  led  "unconsolidated  sand"  should  be  very  close 
to  20-30  mesh  Shell  405  in  grain  geometry,  and  have  similar  flow  characteristics. 
The  conductive  and  convective  heat  transport  through  the  bed  is  calculated 
simultaneously  with  the  mass  flow,  using  standard  explicit  numerical  techniques 
quite  analogous  to  those  used  for  the  mass  flow.  The  conditions  at  the  down- 
stream boundary  of  the  bed  are  determined  by  evaluating  the  time-varying  state 
In  a downstream  plenum  which  has  gas  and  enthalpy  flowing  into  it  from  the  bed, 
gas  efflux  through  a sonic  throat  and  which  can  accumulate  mass  and  enthalpy  in 
accordance  with  the  calculated  influx  and  efflux  retes  to  give  its  time-varying 
pressure  ard  temperature. 
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Figure  4-54.  Conceptual  Model  of  Hydrazine  Rocket. 


Figure  4-55. 


Correlation  of  friction  factor  with  Reynolds  number  for  flow  of 
homogeneous  fluids  through  porous  media,  where  d is  defined  as 
the  diameter  of  the  average  grain  and  1 is  the  apparent  velocity, 
i.e.  volume  rnte  of  flow/total  cross-sectional  area  (After 
Fancher,  Lewis,  and  Barnes). 
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The  output  from  the  program  consists  of  a largi  number  cf  pressure 
and  temperature  profiles  corresponding  to  various  times  after  ti.e  start  of 
the  calculations.  The  same  Information  is  uachine  plotted  on  a Stromberg- 
Carlson  SC-4060  microfilm  plotter. 

4.6.2  Sample  Calculation 

The  particular  hypothetical  motor  for  which  the  calculations  were 
performed  has  a cylindrical  catalyst  bed  1 inch  long  and  with  1 square  inch 
of  cross-sectional  area.  The  catalyst  load  is  all  25-30  mesh  Shell  405.  The 
downstream  plenum  has  a volume  of  0.2  cubic  inches  and  the  throat  area  is 
0.4  square  inches,  corresponding  to  a contraction  area  ratio  of  25.  The  up- 
stream gas  pressure  is  applied  in  a linear  ramp  in  which  pressure  is  raised 
from  an  initial  value  of  .001  psia  to  the  final  value  of  100  psia  in  1.6  milli- 
second. Curve  A if  Figure  4-59  shows  the  head-end  pressure  vs.  time.  Figure  4-56 
illustrates  the  pressure  profile  through  the  bed  at  a time  .35  millisecond 
after  start.  It  is  obtained  by  numerical  calculation  of  Che  flow  and 
accumulation  of  g&s  in  the  25  nodal  segments  which  ere  us  2d  to  approximate  the 
bed.  Figure  4-57  shows  the  pressure  profile  1.0  millisecond  after  start 
and  Figure  4-58  shows  it  2.0  milliseconds  after  start. 

Curve  C of  Figure  4-59  shows  the  calculated  pressure  downstream  of  the 
bed.  It  is  determined  in  the  numerical  calculations  by  simultaneously  flowing 
material  out  of  the  downstream  end  of  the  bed,  accumulating  the  flow  leaving 
the  bed  in  a small  plenum  and  exhausting  from  the  plenum  through  a sonic 
nozzle.  Curve  B of  Figure  4-59  ic  the  compressive  and  exhausting  from 
the  plenum  through  a sonic  nozzle.  Curve  B of  Figure  4-59  is  the  compressive 
stress  on  the  catalyst  bed  from  the  difference  between  the  upstream  and 
downstream  gas  pressure  forces,  which  force  the  bed  against  the  downstream 
screen  or  bed  restraint.  B is  the  difference  between  A and  C. 

Figure  4-60  re-plots  curve  B of  Figure  4-59  along  with  three  other 
curves  of  compressive  stress  versus  time  for  different  rates  of  application 
of  head-end  pressure.  The  curves  are  for  rise-times  0.0,  0.4,  0.8,  and 
1.6  milliseconds.  It  can  be  seen  that  when  the  rise  times  are  increased, 
the  peak  compressive  stress  produced  tends  to  decrease. 

Figure  4-61  Is  the  locus  of  peak  values  from  Figure  4-60  and 
shows  how  the  peak  compref  ve  stress  produced  in  a bed  decreases  as  the 
rise-time  of  the  upstream  pressure  loading  increases. 

4.6.3  Mechanical  Response  of  the  Bed 
to  Rapid  Loading 

If  the  compressive  loading  of  the  bed  were  rapid  compred  to  the 
natural  period  of  oscillation  of  the  bed,  then  the  peak  compressive  stress 
would  be  higher  for  a rapid  transient  loading  than  for  a .slow  application  of 
load.  As  a first  cut,  the  bed  may  be  approximated  as  a system  having  a 
single  degree  of  freedom.  In  this  case  the  natural  period  of  oscillation  of 
the  bed  would  be: 
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Pleasure  Profile  0.35  Millisecond  After  Start. 
Figure  4-56 
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BCD  LENGTH  INCHES 

Pressure  Profile  1.0  Millisecond  After  Start 


Figure  4-57 


199  - 


BEO  LENGTH 

Pressure  Profile  2,0 
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a a } 


T = 2t, 


(4.6-1) 


where 

M Is  mess  of  the  bed 

K is  spring  constant  of  the  bed 

o is  bulk  density  of  the  bed 

L is  length  cf  the  bed 

a is  cross-sectional  area  of  the  bed 

E is  the  compressive  modulus  of  the  bed 


The  compressive  modulus  of  the  bed  is  the  only  property  difficult 
to  estimate.  Compression  (or  compaction)  of  a granular  material  may  be  partly 
dependent  upon  the  prior  history  of  compaction,  and  mey  be  irreversible  instead 
of  elastic.  The  stress-strain  relationship  of  a bed  cf  Shell-405  granules  has 
been  measured  as  a part  of  this  study  (Section  3.3).  A volumetric  compaction 
of  4Z  was  measured  at  a compressive  stress  at  1000  psi.  This  corresponds  to 
an  average  bed  modulus  of  25,000  psi  over  this  range  cf  pressure.  This  number 
was  compared  with  literature  values  reported  for  a bed  of  flint  shot  of  28-35  mesh, 
which  should  behave  similarly  to  a bed  of  Shell  405  at  low  pressures.  At  a 
net  compressive  stress  of  100  psi  a compressibility  of  35  x 10“6  psi*1  has 
been  reported,  which  translates  to  a compressive  modulus  of  28,571  psi.  The 
values  are  obviously  in  good  agreement. 


Using  the  values: 


P 

L 

E 


T 


1.60  gm/cnP 
2.54  cm 

1.723  x 10^  dynes/cm^ 


2”  V; 


.60  x 2.54 
1.723  x 1(T 


(25,000  psi) 

5.7  x TO"4  sec 


C.48  millisecond 


Hence,  the  compressive  loading  of  this  bed  will  be  "impulsive"  only  if  the 
time  of  load  application  is  considerably  shorter  than  J.5  millisecond. 

The  literature  was  consulted  to  obtain  typical  pressure  rise  times 
in  experimental  "hard  starts**  of  hydrazine  combustors,  Reference  124.  An 
oscillograph  trace  was  found  for  the  start  of  a c embus: or  preconditioned  to 
35’F  at  9 x 10*^  torr.  Although  the  start  In  delayed  and  "hard",  the  moat 
rapid  portion  of  the  chamber  presauie  rise  takes  approximate ly  15  milliseconds 
to  be  completed.  This  Is  a very  slow  pressure  rise  in  terms  of  either  the 
time  to  pressurize  the  bed,  or  in  terms  of  the  natural  period  of  oscillation 
of  the  bed,  and  would  subject  the  bed  only  to  the  normal  steady  pressure  drop 
associated  with  the  flow  of  gas  through  the  bed. 
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4.6.4  Other  Conclusions  From  the  Catalyst 
Red  Mass  and  Heat  Transport  Model 


For  a typical  calculation  the  bed  Reynolds  number  based  on  particle 
diameter  is  approximately  2000.  Since  the  effects  of  Reynolds  number  rapidly 
become  important  above  Reynolds  numbers  of  10,  the  flow  through  the  bed  is 
far  above  flow  rates  where  it  could  be  adequately  represented  as  completely 
viscous  D'arcy  flow.  The  value  caclulated  by  our  model  for  steady-state 
pressure  drop  (35  40  psi/inch)  appears  to  be  of  the  correct  order  of  magnitude 
to  agree  with  reported  experimental  values. 

Although  the  catalyst  bed  flow  model  simultaneously  calculates  the 
flow  mass  andheat,  the  time  scale  for  the  thermal  transient  is  much  longer  than 
for  the  pressure  transient,  so  there  is  not  much  dynamic  linking  between  the 
processes,  i.e.,  the  thermal  profile  through  the  bed  is  essentially  stationary 
during  the  short  period  of  time  required  for  the  pressure  transient  to  be 
completed. 


In  general,  although  the  transient  effects  per  se  in  bed  pressure 
buildup  are  not  expected  to  be  important  in  normal  startup,  the  static  effects 
must  nevertheless  be  considered.  The  calculations  for  a typical  catalyst  which 
are  represented  in  Figures  4-56  through  4-61  indicate  that  steady-flow  pressure 
drops  through  a bed  will  be  on  the  order  of  40  psi.  Since  the  pressure  profile 
through,  the  bed  is  approximately  linear,  this  indicated  that  the  downstream 
portions  of  the  bed  will  be  exposed  to  compaction  pressures  of  40  psi  or  more, 
with  the  compaction  pressure  decreasing  almost  linearly  to  zero  at  the  upstream 
portion  of  the  bed.  Since  both  theory  and  experiment  predicts  local  loss 
of  material  at  bed  compaction  pressures  considerably  lower  than  this  it  must  be 
concluded  that  steady-state  pressure  drops  through  the  bed  can  be  damaging.  The 
physical  weakness  of  the  catalyst  particles,  combined  with  their  high  rigidity 
and  spheroidal  shape  make  them  extremely  intolerant  of  bed  compression  stresses. 
Corrective  treasures  could  be  to  either  shield  the  catalyst  particles  from 
physical  stress,  or  else  to  modify  the  shape  of  the  catalyst  particles  so  as 
to  provide  larger  particle-to-particle  bearing  areas. 
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5. 


CRITICAL  ASSESSMENT  OF  RESULTS  TO  DATE 


Commercial  catalytic  reactors  employing  noble  metal  on  alumina 
catalysts  can  experience  catalyst  breakup  problems.  The  general  philos- 
ophy involved  in  selecting  design  parameters  for  cotmoerclal  fixed  bed 
reactors  is  to  eliminate  the  initial  catalyst  break-up,  since  the  bed  aftee 
the  occurrence  of  extensive  primary  degradation  generally  will  be  experi- 
encing a major  problem  requiring  a shutdown  and  catalyst  replacement 
(e.g. , channeling  of  reactants,  excessive  pressure  drop).  Many  commercial 
fixed  catalvst  beds  are  not  mechanical ly  restrained  and  thus  are 
potentially  subject  to  fluidization.  Commercial  experience  with  fined  bed 
reactors  has  indicated  that  inadvertant  flu. dilation  in  part  of  the  bed 
often  leads  to  serious  problems.  Thus  factors  such  as  bed  inlet  design  and 
maximum  linear  velocities  are  carefully  controlled.  Ever,  in  a dovmf)cw 
vapor  phase  reactor  fluidization  can  occur  in  the  inlet  area  since  the 
vapor  Jet  discharging  from  the  inlet  distributor  upon  striking  the  surface 
of  the  bed  will  tend  Co  turn  and  develop  a radial  vclocicy  component.  If 
the  magnitude  of  this  radial  gas  f)ow  is  such  that  the  drag  and  lift  forces 
generated  on  the  parMcle  overcome  gravitational  forces  than  the  particle 
vill  begin  incipient  entrainment.  In  a simple  impinging  jet  designed 
Inlet  (located  .ipproximately  one  inlet  diameter  away  from  the  bed),  the 
maximum  surface  velot.  . ty  would  occur  approximately  one  diameter  away 
from  the  axis  of  the  jet,  Particles  are  moved  auav  from  the  imninenne 
Jet  in  a direction  parallel  to  the  bed  surface.  As  erosion  proceeds, 
the  particles  in  the  vicinity  of  the  jet  are  removed  alco,  ultiniately 
leaving  a prater  -*h  the  center  of  the  reactor.  The  fixed  catalyst  bed  in 
a hydrazine  thruster  is  mechanically  restrained.  However,  mechanisms  or 
factors  leading  to  void  formations  in  a thruster  can  similarly  expose 
such  a bed  to  particle  movement  problems. 


Information  indicates  that  the  pressure  drop  across  an  operating 
thruater  typically  ranges  from  15  to  40  pal  end  involves  catalyst  bed  .depths 
of  0.5  to  1 inch.  Thus,  there  is  the  possibility  of  static  pressure  drops 
of  up  to  80  psi/lnch  of  bed,  not  including  any  effect  of  bed  preloading.  Such 
a pressure  drop  is  very  severe  when  compered  to  conaaercial  practice  In  vapor  phase 
fixed  bed  reactors.  As  an  example,  coosnercial  hydrof ormere  used  for  the  production 
of  gasoline  generally  operate  vith  a pressure  drop  ot  5 to  10  psi  per  reactor 
and  typically  employ  catalyst  bed  depths  of  5 to  10  feet,  which  would  be 
equivalent  to  static  pressure  drops  ranging  from  .05  to  0.2  psl/inch  of  bed. 
Similarly,  it  has  been  estimated  that  the  average  gas  velocity  j.n  a thruster 
la  approximately  110  feet  per  second.  This  gas  velocity  is  an  order  of  magnitude 
greater  than  that  normally  experienced  in  hydroformers.  Also  design  and  operating 
procedures  for  commercial  fixed  bed  catalytic  units  normally  avoid  rapid  temperature 
or  pressure  transients.  Even  in  catalytic  beds  used  in  the  treatment  of  auto 
exhaust  gaset>  the  transients  experienced  when  the  bed  is  cycled  during  the 
various  driving  modeB  are  not  as  rapid  as  those  experienced  in  a hydrarine 
thruster,  for  example,  during  a cold  start.  It  can  be  seen  that,  in  general, 
the  environment  to  which  Shell  405  catalyst  is  exposed  in  hydrazine  thruster 
use  is  qu,'  ce  severe  compared  to  the  environment  experienced  by  similar  alumina 
based  catalysts  In  use  In  the  petroleum  and  chemical  industries. 
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A number  of  potential  mechanisms  or  factors  involved  in  individ- 
ual catalyst  particle  degradations  have  been  screened  either  experiment- 
ally or  analytically  or  by  means  of  both  techniques.  The  areas  investigated 
and  the  interaction  between  the  experimental  and  analytical  studies  was 
summarized  in  Table  3.3.  Experimental  work  in  the  areas  related  to  thermal 
£>hock  such  as  the  effect  of  repeated  hot  gas  or  liquid  quick  thermal  cycling 
in  a bed  of  catalyst  remains  to  be  completed. 

An  experimental  study  was  made  to  determine  the  minimum  gas 
velocity  at  which  particle  movement,  will  first  occur  and  expose  a voided 
catalyst  bed  to  particle  fluidization,  and  thus  to  particle-to-particle 
abrasion  effects.  Results  from  the  particle  fluidization  experiments  have  shown 
that  the  incipient  particle  movement  velocity  varies  with  gas  density  and 
particle  size  as  expected.  A successful  correlation  of  incipient  particle 
movement  velocity  as  a function  of  the  square  root  of  the  ratio  of  particle 
diameter  to  gas  density  was  made.  Results  indicate  that  for  the  range  of 
granular  catalyst  sizes,  gas  densities,  and  gravitational  fields  expected 
for  hydrazine  thrusters,  the  incipient  particle  movement  velocity  will  be 
much  lower  than  an  average  gas  velocity  of  110  feet  per  second.  Thus,  in 
general,  particle  movement  will  be  possible  once  sufficient  void  space  is 
present  in  the  catalyst  bed.  In  future  work  it  is  planned  to  investigate 
the  magnitude  of  particle  to  particle  abrasion  effects  in  a voided  bed 
at  velocities  above  the  minimum  particle  movement  velocity.  At  this  time, 
however,  it  would  he  expec^d  that  void  formation  in  the  catalyst  bed  would  be 
a major  deleterious  occurrence  in  the  overall  catalyst  bed  breakup  process. 

Since  a Shell  405  catalyst  exposed  to  a pressure  load  of  100  psi  will  com- 
pact less  than  0.5%,  actual  breakup  of  catalyst  particles  will  be  required 
for  substantial  void  volume  formation. 

A number  of  mechanisms  in  the  fluid  dynamic  erosion  area  were 
investigated  either  experimentally  or  analytically.  Sensitivity  tests 
in  the  HSGET  apparatus  indicate  that  fresh  Shell  405  granular  catalysts 
do  not  experience  any  degradation  at  1700°F  even  with  exposure  to  gas  vel- 
ocities up  to  250  feet  per  second.  These  data  indicate  that  gas  fluid 
dynamic  erosion  per  se  is  not  a mechanism  contributing  to  catalyst  degrada- 
tion. An  analytical  investigation  was  made  of  the  effect  of  the  presence 
of  liquid  droplets  or  solid  particles  in  the  flowing  gas  stream  on  erosion. 

The  calculation  indicated  in  most  cases  that  in  the  absence  of  particulates 
in  the  gas  stream  the  erosion  rates  could  be  expected  to  be  insignificant. 

On  the  other  hand,  the  presence  of  particulates  in  the  1/2  ppm  range  or 
higher  suggest  wear  rates  which  cannot  be  Ignored.  Current  specifications 
for  hydrazine  used  in  catalytic  thrusters  limit  solids  to  a maximum  al- 
lowable level  of  1 mg/liter,  which  is  equivalent  to  1 ppm  by  weight.  For 
this  mass  loading  level  the  predicted  wear  rate  is  2 x 10-4*  per  cent  for 
a single  5 second  pulse.  Extrapolating  this  on  a single  linear  bases  to 
5,000  sec  of  total  operation  (1000  pulses)  indicates  an  abrasion  loss  of 
0.2%.  While  this  loss  level  by  itself  is  not  catastrophic,  it  does  sug- 
gest that  prudence  would  require  that  particulate  contaminants  in  hydrazine 
be  held  as  much  below  the  1 ppm  level  as  possible. 
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In  addicion  to  particulates  in  the  liquid  hydrazine  entering 
the  thruster,  particulates  could  be  generated  internally  to  much  higher 
levels  via  a rapid  decomposition  of  the  catalyst  bed  as  a result  of  another 
breakup  mechanism.  Since  the  particulate  velocity  exerts  a major  effect 
on  the  wear  rate,  a consideration  in  the  latter  case  ia  how  fast  the  solids 
accelerate  up  to  the  gas  stream  velocity.  Since  the  calculations  that 
were  made  assumed  an  instantaneous  acceleration  of  catalyst  breakup  particles, 
they  obviously  represent  a pessimistic  or  limiting  case.  More  important 
the  calculations  show  a need  for  (1)  as  low  a particulate  contaminant 
level  in  the  fuel  as  possible,  and  (2)  lower  gas  velocities  to  minimize 
potential  particulate  abrasion  loss  by  limiting  the  ultimate  velocity 
the  particles  can  reach  in  the  event  another  mechanism  causes  catalyst  break- 
up. Results  obtained  with  the  PLPET  experiments  Indicate  that  a 
pulsed  liquid  stream  can  cause  a weight  loss  with  fresh  Shell  AOS  catalyst. 
This  weight  loss  increases  with  increasing  number  of  pulses  and  linear 
velocity  and  is  higher  for  8-12  mesh  granules  than  for  1/8"  cylinders. 

An  Analysis  of  Variance  of  results  from  a full  factorial  statistically 
designed  experiment  indicate  that  the  effect  of  these  variables  on  weight 
loss  is  significant  but  that  no  interactions  exist  between  the  variables# 

The  magnitude  of  this  weight  loss,  however,  will  be  small  at  lower  liquid 
velocities.  For  example,  when  the  linear  velocity  is  held  below  50  feet 
per  second,  the  weight  loss  experienced  by  a fresh  granular  catalyst  will 
be  below  1 wt  Z,  The  effect  of  thruster  exposure  on  the  ability  of  Shell 
405  catalyst  to  resist  pulsed  liquid  stream  erosion  remains  to  be  investi- 
gated. 

An  analytic  study  was  made  of  the  effect  of  the  transients  in- 
volved when  a bed  is  pressure  loaded,  i.e.  pressure  shock  effects.  Results 
from  this  study  indicate  that  a pressure  loading  occurring  in  load  appli- 
cation times  greater  than  1/2  millisecond  is  slow,  either  in  terms  of  the 
time  to  pressurize  the  bed  or  in  terms  of  the  natural  period  of  oscillation 
of  the  bed,  subjecting  the  bed  only  to  the  normal  steady  pressure  drop  as- 
sociated with  the  flow  of  gas  through  the  bed.  Thus,  the  dynamics  per  se 
of  a normal  pressure  shock  would  not  appear  to  be  a major  mechanism  for 
catalytic  degradation,  and  the  effect  of  a normal  pressure  transient  can  be 
analyzed  in  terms  of  the  effect  of  an  equivalent  steady  state  load  applied 
to  the  bed.  The  effect  of  "pop"  shock,  i.e.  the  pressure  shock  effect  on 
a bed  Interface  when  hit  by  a large  pressure  "cook-off  spike"  (as  could 
occur  from  hydrazine  detonation),  will  be  Investigated  experimentally. 

An  analytical  study  was  made  of  particle  thermal  shock. 

Thermal  shock  from  externally  heating  a cold  particle  by  hot  con&ustlon  gases 
or  from  externally  cooling  a hot  particle  by  Impingement  of  cold  liquid  hydra- 
zine were  both  analyzed  in  terms  of  the  temperature  profiles  obtained,  which 
were  taken  from  dimensionless  correlations  of  temperature  ratio  with  Blot 
number  and  Fourier  number.  The  stresses  induced  in  the  pellet  were  obtained 
from  the  temperature  profiles.  These  calculations  Indicate  that  particle 
thermal  shock  is  a borderline  failure  mechanism,  in  that  only  occasional 
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failures  of  especially  weak  individual  particles  are  expected.  The  failures 
are  particularly  to  be  expected  during  cooldown  from  impingement  of  liquid 
hydrazine,  rather  than  heating  of  a cold  particle  with  hot  gas,  as  < woldown 
produces  tensile  stresses  of  a greater  magnitude  compared  to  mean  failure 
streps.  In  general,  the  calculations  suggest  merit  to  the  avoidance  of 
cold  liquid  impingement  upon  hot  catalyst  material.  The  analytical  results 
also  indicate  that  (1)  liquid  impingement  will  not  be  damaging  if  the  cata- 
lyst temperature  is  sufficiently  high  to  Induce  film  boiling  and  thus  reduce 
liquid  to  particles  heat  transfer,  (2)  reducing  the  diameter  of  the  parti- 
cles will  reduce  the  Biot  number,  and  the  stress  level  produced  by  cooldown. 
The  effect  of  thermal  fatigue  on  a bed  of  material  undergoing  repeated  hot 
gas  heat  up  or  liquid  quench  cycling  remains  to  be  experimentally  investigated. 
The  internal  particle  stresses  produced  in  a particle  by  rapid  gas  pres- 
surization or  depressurization  in  the  absence  of  liquid  hydrazine  were  also 
analytically  investigated  by  calculating  the  internal  pore  pressure  pro- 
files and  the  stress  distribution  resulting  from  these  profiles.  Particle 
depressurization  is  very  fast  relative  to  the  rate  of  thruster  chamber  de- 
pressurization at  cutoff  so  that  no  significant  internal  pressure  stresses 
will  occur  during  a normal  cutoff.  Internal  pressurization  is  also  a very 
fast  process  producing  only  compressive  stresses  in  the  particle.  Pressure 
loadings  of  sufficient  magnitude  and  speed  to  cause  significant  internal 
pore  pressure  generated  stresses  are  much  more  likely  to  cause  damage  by 
simple  bed  composition  pressure  stresses.  Thus,  internal  stress  failure 
caused  by  internal  particle  pore  pressure  changes  as  a result  of  rapid 
pressurization  or  depressurization  is  not  an  important  mechanism.  The 
results  also  indicate  that  pressure  equilibration  is  a very  rapid  process 
compared  to  thermal  equilibration,  and  thus  the  processes  would  not  be  ex- 
pected to  be  coupled. 

An  analtylcal  study  was  made  of  the  effect  of  the  differential 
thermal  expansion  of  the  bed  and  thrust  chamber  hardware.  During  startups 
the  bed  heats  up  more  rapidly  than  the  wall.  Because  of  this,  the  bed 
first  undergoes  compression  but  then  changes  to  dilation  as  the  effect  of 
the  much  higher  coefficient  of  thermal  expansion  of  the  metal  wall  relative 
to  that  of  the  catalyst  bed  is  manifested.  On  cooldown  two  possibilities 
are  possible.  If  the  bed  does  not  repack  itself  during  the  startup  di- 
lation phase,  it  remains  in  dilation  during  the  cooldown  period.  If,  on 
the  other  hand,  the  bed  repacks  itself  after  the  startup  dilation,  it  will 
experience  compression  during  cooldown.  The  magnitude  of  the  peak  compres- 
sion and  dilation  increases  with  bed  loading.  A bed  loading  of  0.1  lb  per 
in2-sec  produces  a peak  startup  bed  compression  of  0.3  vol  Z,  which  trans- 
lates into  a bed  pressure  of  25  pBl.  If  the  bed  repacks  itself  after  the 
startup  dilation,  with  a similar  loading  of  0.1  lb  per  in  -sec,  the  bed 
will  experience  a maximum  compression  of  1.75  vol  X during  cooldown,  which 
translates  into  a 290  psi  bed  pressure.  Catalyst  degradation  from  the 
latter  case  will  clearly  be  serious.  The  calculations  also  point  out 
that  higher  bed  loadings  increase  the  magnitude  of  the  bad  compression 
forces,  both  during  initial  startup  and  during  cooldown  with  a repacked  bed. 
Also,  higher  thruster  pressures  do  not  markedly  effect  the  magnitude  of  the 
startup  bed  volume  compression,  but  they  do  increase  the  magnitude  of  the 
bed  void  volume  during  the  startup  dilation  period. 
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Studies  carried  out  by  United  Technologies  i esearch  Center  under 
Contract  FCV>611-74-C-0031  have  indicated  that  the  internal  pressure  generated 
within  a Shell  405  catalyst  particle  as  a result  of  wetting  with  liquid 
hydrazine  can  cause  a catalyst  particle  to  undergo  breik-up.  Analytical 
modeling  studies  carried  out  in  this  program  support  this  hypothesis. 

An  internal  processes  computer  program  was  vt  >. cten  to  investigate 
the  tempera'  ires,  pressures,  and  flow  processes  which  occur  when  a catalyst 
particle  is  wetted  with  liquid  hydrazine.  Mass  transport  within  the  parti- 
cles was  modeled  by  D'Arcy  flow  driven  by  the  pressure  gradients  resulting 
from  first  the  capillary  imbibitions  pressure  of  the  liquid  hydrazine 
and  later  by  the  high  pressure  gases  generated  from  the  decomposition  of  the 
hydrazine  rather  than  simply  by  molecular  diffusion  driven  by  concentra- 
tion gradients.  Calculations  indicate  that  the  flow  from  D*Arcy  processes 
ranges  from  ICO  to  1000  times  larger  than  that  from  diffusional  processes 
in  a Shell  405  catalyst  particle.  Heat  transport  within  the  particle  was 
modeled  considering  both  convection  of  heat  resulting  : rom  flew  of  gas  and 
liquid  plus  conduction  of  heat  through  the  formation  rather  than  just  con- 
sidering heat  conduction  alone.  Calculations  indicate  that  heat  transport 
from  convective  processes  is  as  least  as  large  as  that  from  conductive  pro- 
cesses and  could  be  as  great  as  10  times  larger.  Very  preliminary  operation 
of  this  internal  processes  model  has  been  accomplished.  Results  indicate  that 
after  exposure  to  liquid  hydrazine  at  300°K  and  1 psia,  liquid  imbibition  proceeds 
rapidly  and  liquid  hydrazine  flows  inward  countercurrent  to  the  outward  flow 
of  gas.  Liquid  influx  at  the  boundary  of  the  pellet  is  cut  off  as  the 
internal  gas  pressure  overcomes  the  liquid  imbibition  pressure.  The  particle 
is  now  at  its  maximum  liquid  overall  saturation  level,  and  liquid  hydrazine 
continues  to  flow  inward  toward  the  center  of  the  particle.  The  particles 
temperature  increases  because  of  the  exothermic  decomposition  reaction  and 
reaches  a maximum  of  357°K,  a 57°K  rise,  following  which  the  temperature 
drops  off  as  the  reaction  rate  declines  as  the  original  hydrazine  is  exhausted. 

As  the  last  of  the  liquid  hydrazine  in  the  pellet  is  consumed,  a peak  pressure 
of  7390  psi  is  obtained.  The  internal  pressure  rise  predicted  Is  clearly 
of  a magnitude  to  cause  concern.  It  was  estimated  that  a pressure  of  7000 
psi  would  result  in  radial  and  tangential  stresses  of  1900  psi,  which  is 
above  the  mean  failure  stress  predicted  for  fresh  Shell  405  for  this  fail- 
ure mode.  The  results  strongly  suggest  the  need  to  prevent  such  high 
stresses  generated  as  the  result  of  liquid  imbibition  by  a means  such  as 
vaporizing  the  hydrazine  before  it  reaches  the  catalyst.  In  addition, 
smaller  diameter  catalyst  particles  could  be  used  which  could  allow  faster 
pressure  relief.  Similarly,  the  pore  size  distribution  of  the  substrate 
could  be  improved  by  adding  a larger  fraction  of  larger  pores  which  would 
also  allow  faster  pressure  relief.  Although  these  preliminary  results  clearly 
point  out  the  deleterious  effect  of  contact  with  liquid  hydrazine,  the  Internal 
particle  processes  model  has  not  been  checked  against  experimental  data  and 
this  is  not  considered  fully  developed  and  may  require  additional  refinement. 
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Experimental  static  pressure  crushing  studies  were  carried  out 
with  both  individual  particles  and  aggregate  beds.  Individual  particle 
measurements  were  made  with  fresh  and  used  Shell  405  catalyst  and  with  the 
catalyst  Bupport  both  before  and  after  the  attrition  step.  The  use  of  the 
attrition  procedure  improves  the  average  crush  strength  of  the  larger  mesh 
size  granules  but  does  not  significantly  improve  the  strength  of  the  smaller 
material.  The  addition  of  the  iridium  metal  to  the  support,  in  general, 
does  not  effect  the  crush  strength.  Even  with  the  use  of  the  attriting 
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procedure,  the  scatter  ir.  the  individual  crush  strengths  of  both  Shell  405 
pellets  and  particles  is  quite  large,  which  means  that  an  appreciable  fraction 
°*r  aggregate  of  Shell  405  catalyst  such  as  a bed  will  have  particles  with 
a crush  strength  significantly  lower  than  the  mean  crush  strength.  For 
example,  it  is  estimated  that  102  of  fresh  Shell  405  particles  have  a crush 
strength  which  is  lower  than  a value  equivalent,  to  682  of  the  average  value 
tor  that  particle  size.  Tests  of  used  Shell  405  catalyst  indicate  that 
thruster  exposure  under  some  conditions  may  both  decrease  the  average  crush 
strength  and  increase  the  standard  deviation  of  the  crush  strengths.  The 
net  result  of  the  combination  of  such  changes  is  a sharp  increase  in  the 
percent  of  very  weak  particles  present  in  an  aggregate  such  as  a bed,  which 
is  auite  deleterious.  Additional  work  is  planned  in  this  area.  Initial  experi- 
mental results  of  static  pressure  crushing  studies  with  mini-beds  of  granular 
fresh  Shell  405  catalyst  indicate  that  significant  size  reductions  can  occur 
at  a pressure  of  100  psi.  For  example,  with  a 20  to  25  mesh  materials, 

7 wt  2 of  the  starting  material  exhibited  a size  reduction  (pasaed  through 
-5  mesh)  under  this  pressure.  The  general  shapes  of  the  less  curves  as  a 
function  of  bed  pressure  were  very  similar  to  those  normally  obtained  with 
petroleum  and  chemical  industry  catalysts,  i.e.  they  exhibit  a low  weight 
loss  at  low  pressures,  followed  by  a slowly  increasing  weight  loss  which 
ultimately  becomes  exponentially  increasing  at  much  higher  pressures. 

These  bed  results  appear  to  corroborate  individual  particle  pressure  crush- 
'-ng  studies  which  suggest  that  aggregates  contain  significant  quantities  of 
particles  much  weaker  than  the  mean  strength.  Additional  experimental 
work  is  planned  in  the  static  bed  pressure  crushing  area. 

Analytical  studies  were  made  to  predict  the  particle  stresses 
which  result  when  a bed  of  catalyst  particles  is  subjected  to  a compression 
load.  These  calculations  show  that  particle  to  particle  contact  stresses 
resulting  from  external  bed  compression  forces  are  quite  severe,  and  in- 
dicate that  some  catalyst  breakup  should  occur,  even  at  very  low  bed  pres- 
sures. This  result  appears  to  corroborate  the  limited  bed  pressure  crushing 
experimental  work  carried  out  to  date.  Thus  both  experimental  and  analyti- 
cal studies  indicate  that  the  ability  of  the  Shell  405  catalyst  to  resist 
pressure  crushing  from  external  forces  in  a thruster  bed  is  an  area  for 
genuine  concern. 

Pressure  crushing  is  thus  judged  to  be  a significant 
mechanism  for  catalyst  breakup.  External  forces  which  would  result  in 
pressure  crushing  include  pressure  drop  from  steady-state  flowing  gases, 
preload  forces  applied  to  the  bed,  compression  forces  resulting  from  di- 
ferential  thermal  expansion  effects  pressure  forces  occurring  during  dynamic 
pressure  change  periods,  and  the  added  effect  of  factors  such  as  vibration 
and  high  G-loads  imposed  on  the  bed. 

The  analytical  studies  pinpointed  a number  of  strength  of 
material  properties  which  influence  the  judgements  made  form  calculations 
and  which  at  present  have  only  been  indirectly  determined  for  Shell  405 
catalyst.  These  include  tensile  failure  strength,  multiaxis  compressive 
failure  strength,  the  Poisson  ration,  relative  permeability  end  the 
Klinkenberg  constant. 
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In  summary,  the  major  mechanisms  or  factors  identified  to  date 
are  (1)  particle  to  particle  crushing  as  a result  of  various  static  pressure 
crushing  forces,  (2)  the  build-up  of  pressure  vithln  the  pores  as  a result 
of  imbibed  liquid,  and  (3)  the  fact  that  a ■>'<'ided  thruster  bed  has  sufficient 
gas  velocity  for  particle  movement  and  (4)  l©ss  of  catalyst  physical  properties 
such  as  crush  strength  with  use.  Other  significant  mechanisms  or  factors 
Identified  include  fluid  dynamic  erosion  from  a pulsed  liquid  stream,  erosion 
from  solid  initially  present  in  the  hydrazine  and  thermal  shock,  during  liquid 
quench  cooldown,  five  mechanisms  or  factors  were  judged  not  be  significant. 

In  Table  5-1  and  5-2  are  summarised  the  insignificant  factors  and  significant 
mechanisms  or  factors  identified  in  the  program  to  date. 
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Table  5-1 


Summary  of  Insignificant  Factora 


Factor Method  Investigated 

• Fluid  dynamic  erosion  by  pure  gas  ' Experimental  and  Analytical 


• Fluid  dynamic  erosion  by  liquid 

drops  in  gas  Analytical 


• Particle  pore  pressure  gradients 
during  rapid  gas  pressurization 
or  depressurization  (in  the 

absence  of  liquid)  Analytical 


• Transient  effects  per  se  in 
pressure  buildup  (must  consider 
effect  of  pressure,  however,  as 

static  pressure  crushing)  Analytical 

• Thermal  shock  from  heating  a 
particle  with  hot  combustion 

gases  Analytical 
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TabU-  5-2 


Summary  ot  Slgr.lll.cant  Mediant  :;ui.»  m Koctors 


Ms  lor  Factors Method  Investigated 

• Static  pressure  crushing  Experimental  and  Analytical 

High  A P from  steady  state  gas 
flow 

Differential  thermal  expansion 
compression  forces  particularly 
during  cooldown  if  bed  repacks, 
but  also  during  starting 

Bed  preload 

c Corroboration  cf  the  deleterious  effect 
of  the  build-up  of  pressures  within 
pores  as  a result  of  imbibed  liquid  Analytical 
hydrazine. 

• Voided  thruster  bed  has  sufficient 

gas  velocity  for  particle  movement  Experiments  1 

a Loss  of  catalyst  physical  properties 

sudi  •«  t'us'n  streuKt'u  in  uiiuaiti 

exposure  Experimental 


Other  Factors 


a pulses  liquid  stream  fluid  dynamic 
erosion 


F.xperim?nt  al 


• Fluid  dynamic  erosion  from  solid 

particles  in  gas  Analytical 

• Thermal  shock  from  liquid  quench 

cooldown  Analytical 
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APPENDIX  A 


HS^ET  DATA  ON  THE  EFFECT  OF  GAS  EROSION 
AT  250  FEET  PER  SECOND (a) 


Fresh  Shell 

405  1/8"  x 1/8" 

Cylinders 

Initial 

Final 

Weight  Change 

Pellet 

Weight,  grams 

Weight,  grams  grams 

1 

.04937 

.04  795 

-.00142 

2 

.05055 

.04857 

- .00198 

3 

.04723 

.04559 

- . 00164 

4 

.05288 

.05116 

-.00172 

5 

.04900 

.04774 

-.00126 

Particle 

Fresh  Shell 

405,  8-12  Mesh  Particles 

Initial 
Weight,  grams 

Final 

Weight,  grams 

Weight  Change 
grams 

1 

.01295 

.01337 

+. 00042 

2 

.02177 

.02160 

-.00017 

3 

.01253 

.01234 

-.00019 

4 

.01345 

.01321 

-.00024 

5 

.01761 

. 01684 

-.00077 

Fresh  Shell 

405,  14-18  Mesh  Particles 

Initial 

Final 

Weight  Change 

Particle 

Weight,  grams 

Weight,  grams 

grams 

1 

. 00200 

.00210 

+. 00010 

2 

.00363 

.00360 

-.00003 

3 

.00331 

.00335 

+. 00004 

4 

.00241 

.00233 

-.00008 

5 

.00284 

.00277 

00007 

Particle 

Fresh  Shell 

405,  20-25  Mesh  Particles 

Initial 
Weight,  grams 

Final 

Weight,  grams 

Weight  Change 
"rams 

1 

.00104 

.00107 

+.  00003 

2 

.00087 

.00091 

+. 00004 

3 

.00079 

.00091 

+. 00012 

4 

.00080 

.00089 

+.00009 

5 

.00108 

.00112 

+. 00004 

APPENDIX  A (Cont'd.) 


Fresh  Shell  405,  25- -0  Mesh  P irticles 


Initial 

V i nal 

Weight  Change 

Particle 

Weight,  grams 

We  ip,  I it:,  pram-. 

grams 

1 

.00068 

. 00093 

+.00025 

2 

.00080 

. 00085 

+.00005 

3 

.00083 

.00074 

-.00009 

4 

.00099 

.00090 

-.00009 

5 

. 00068 

.00072 

+.00004 

Particle 

Fresh  Shell 

405,  20-30  Mesh  Particles 

Initial 
Weight,  grams 

Final 

Weight,  grams 

Weight  Change 
grams 

1 

.00058 

.00079 

+. 00021 

2 

.00062 

. 00055 

-.00007 

3 

.00098 

. 00101 

+.00003 

4 

.00095 

. 00078 

-.00017 

5 

.00048 

.00050 

+.00002 

(a)  Nitrogen  flowing  at  250  feet  per  second,  1700®F,  specimens  in 
preheated  tube  for  1 hour  total.  All  catalyst  specimens  dried 
overnight  in  a vacuum  oven  at  110°C  and  120  mm  Hg  total  pressure 
before  weighing. 
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APPENDIX  B 


HSGET  DATA  ON  THE  EFFECT  OF  GAS  EROSION 
AT  110  FEET  PER  SECOND (a) 


Pellet 

Fresh  Shell  405 

1/8"  x 1/8"  Cylinders 

Initial  weight, 
grams 

Final  weight , 
grams 

Weight  change, 
grams 

1 

.05311 

.05220 

-.00091 

0 

4. 

.05103 

.04975 

-.00128 

3 

.05178 

.05041 

-.00137 

4 

.04986 

.04810 

-.00176 

5 

.05041 

.04889 

-.00151 

Frefh  Shell  405 

14-18  Mesh  Particles 

Initial  weight. 

Final  weight. 

Weight  change. 

Pariitle 

grams 

grama 

l 

.00400 

.00424 

+ . 00024 

2 

.00652 

.00675 

4.  0002  3 

3 

.00214 

.00220 

4.00006 

4 

.00491 

.00503 

4-,  00012 

5 

.00434 

.00439 

4-.  00005 

Particle 

Fresh  Shell  405 

25-30  Mesh  Part lcles 

Initial  v/eight  , 
grams 

Final  weight , 
gr  axns 

Weight  change, 
grams 

1 

NA 

NA 

Na 

d. 

.00058 

.00066 

4-.  00008 

3 

.00065 

.00067 

4-.  00002 

4 

. 00055 

, ooovo 

-‘-.00015 

5 

.00056 

.00059 

4.00003 

(a)  Nitrogen  flowing  at  a superficial  velocity  of  110  feet  per 

second,  1700°F,  specimens  In  preheated  tube  for  1 hour  total. 
All  catalyst  specimens  dried  overnight  In  a vacuum  oven  at 
110*C  and  120  am  Hg  total  pressure  before  weighing. 
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APl’uNL) I X C 


HSGET  DATA  ON  THE  EFFECT  OF  GAS  EROSION 
AT  50  FEET  PER  SECOND (a) 


Pellet 

Fresh  Shell  405 

1/8"  x 1/8"  Cylinders 

Initial  weight, 
grams 

Final  weight, 
grams 

Weight  change 
grams 

1 

.04949 

.04844 

-.00105 

2 

.05002 

.04826 

-.00174 

3 

.04952 

-04755 

-.00197 

4 

.05015 

.04824 

-.00191 

5 

.05382 

.05220 

-.00162 

Fresh  Shell  405 

2 5-30  Mesh  Part  ivies 

Initial  weight , 

Final  weight. 

Weight  change 

Particle 

grams 

grams 

gt  am  s 

1 

.00079 

.00074 

-.00  005 

A 

d. 

. 00067 

• lmJu/  j 

+ . 00008 

3 

.00076 

.00074 

-.00002 

4 

.00105 

.00102 

-.00003 

5 

.00038 

.00055 

+.00017 

(a)  Nitrogen  flowing  at  a superficial  velocity  of  50  feet  per  second, 

1700°F,  specimens  in  preheated  tube  for  1 hour  total.  All  catalyst 
specimens  dried  overnight  in  a vacuum  oven  at  110°C  and  120  mai 
Hg  total  pressure  before  weighing. 
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APPENDIX  D 


ANALYSIS  OF  PERCENTAGE  WEIGHT  CHANGE  RESULTS 
FROM  GAS  EROSION  DATA  IN  HSGET 


Percent ~.ge  Change  in  Weight 


Gas  Velocity 

Fresh  Shell 
405  Catalyst 

Ind iv idual 
Rate 

Mean 

Standard 

Deviation 

Standard 

Error 

110  feet 

1/8"  x 1/8"  Pellets 

- 1.71 

- 2,68 

0.67 

0.30 

per  second 

II 

14-18  Mesh 

- 2.51 

- 2.64 

- 3.53 

- 3.02 

+ 6.00 

+ 3.  18 

1.79 

0.80 

ft 

25-30  Mesh 

+ 3.53 
+ 2.80 
+ 2.44 
+ 1.15 

+13.80 

*-12.38 

10.96 

5.84 

50  feet  per 

1/8"  x 1/8"  Pellets 

+ 3.80 
+27.30 
+ 5.36 

- 2.12 

- 3.28 

0.75 

0.33 

second 

It 

25-30  Mesh 

- 3.48 

- 3.98 

- 3.81 

- 3.01 

- 6.33 

+ 8.  96 

21.18 

9.  n 

250  feet 

1/8"  x 1/8" 

+11. 94 

- 2.63 

- 2.86 
+44.70 

- 2.88 

- 3.22 

0.529 

0.237 

per  second 

Cylinders 
8-12  Mesh 

- 3.94 

- 3.40 

- 3.26 

- 2.57 

+ 3.24 

- 1.04 

2.75 

1.23 

14-18  Mesh 

- 0.78 

- 1.52 

- 1.78 

- 4.38 

+ 5.00 

C.  07 

3.30 

1.47 

- 0.83 

+ 1.2} 

- 3.32 

- 2.46 
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APPENDIX  D (Cont'd.) 


Percentage  Change  in  Weight 


Ciaa  Velocity 

Fresh  Shell 
405  Catalyst 

Individual 

Rate 

Mean 

Standard 

Deviation 

Standard 

Error 

20-25  Mesh 

+ 2.88 
+ 4.59 
+15. 19 
+11.25 
+ 3.70 

7.52 

5.42 

2.42 

25-30  Mesh 

+36.76 
+ 6.25 
-10.82 
- 9.10 
+ 5.88 

5.79 

19.08 

8.53 

20-30  Mesh 

+36.20 
-11. 28 

2.85 

20.88 

9.34 

+ 3.07 
-17.89 
+ 4.17 
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APPENDIX  E 


ANALYSIS  OF  VARIANCE (a)  OF  GAS  FLUTD 
DYNAMIC  EROSION  TEST  RESULTS 


A.  Data: 


Height  Change  in  10~"*  Grams 


Superficial  Gas 
Velocity,  ft/s ec 

50 

110 

250 

1/8"  x 1/8" 
Cylinders 

-105 

-174 

-197 

-191 

-162 

- 91 
-128 
-137 
-176 
-152 

-142 

-198 

-164 

-172 

-126 

25-30 

Meah  Granules 

- 5 
+ 8 

- 2 
- 3 
+ 17 

+ 8 
+ 2 
+ 15 
+ 3 
(+7) 

+ 25 

5 

- 9 

- 9 
+ 4 

B.  ANOVA  Results 

Variance  Component 

Columns 

Replicate* 

Columns  x Replicates 

Rovs 

Columns  x Rows 
Replicates  x Rovs 
Columns  x Replicates  x 

TOTAL 


Sum  of  Squares 

1,559.267 
5,634.797 
1,722.400 
188,972.000 
870. 066 
2,879.467 
Rovs  3,404.933 

205,042.800 


Degrees  of 

Freedom  Mean  Square 

2 779.633 

4 1,408.699 

8 215.300 

1 188,972.000 

2 435.033 

4 719.866 

8 425.616 

29 


^See  0.1.  Davis,  "Statistical  Methods  In  Research  acd  Production",  Chapter  6, 
Hefner  Publishing  Company,  Nov  York,  1958. 
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appendix  f 

EFFECT  OF  WATER  CONTEt’T  ON 

PARTICLE  CRUSHING  STRENGTH 

IT I Crush 

Strength  Data  on  As-ls-Spec 

lmens 

Freeh 

Shell  405 

Fresh  Shell  404, 

Harnhav  A1  1602 

1/8“ 

x 1/8"  Cylinders 

14-18  Mesh  Granules 

1/8" 

x 1/8"  Cyiind' 

32.75 

lbs 

2.80  lbs 

25.20  lbs 

30.  75 

2.97 

24. 10 

39.70 

1.00 

23.50 

25.  80 

1.60 

29.10 

27.95 

1.62 

25-00 

39.  07 

21.90 

43.12 

31.60 

3S.  20 

24.80 

27.85 

21.90 

38.  62 

39.20 

1T1 

Crush  Slreng 

th  Data  on  Vacuum  Oven  Dried 

Specim 

(a) 

ens 

Fresh 

Shell  405 

Fresh  Shell  405,  . 

Harshaw  A1  1602 

1/3'1  x 

1/8"  Cy 

lenders/  1 

14-10  Mesh  Granules  c 

1/8" 

x 1/8"  Jylinde: 

30.05  I 

bs 

1.43  lbs 

29.00  lbs 

30-05 

2.40 

16. 15 

25.  20 

2.45 

23.  26 

38.30 

1.06 

33.20 

21.  85 

0.  77 

24.10 

43.  35 

0.76 

25.80 

37.00 

1.  43 

40.50 

38.  30 

0.59 

20.  00 

26.00 

1.25 

42.40 

37.55 

3.72 

.(d) 


45. 10 
31.20 
46.  85 


33.00 


(o)  Dried  In  a vacuum  ovun  overnight  at  HO’C  and  120  mm  Hg  total  pressure. 

(b)  Average  wight  loss  was  6.042  from  as  is  basis. 

( c ) Sample  showed  no  average  weight,  loss  Cross  as  is  basis. 

(d ) Average  weight  loss  was  4.932  from  as  is  basis. 
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APPENDIX  G (Cont'd.) 


IT1  Crush  Strength  Data  on  Water  Saturated  Specimens 


<«) 


Fresh  Shell  405  Fresh  Shell  405,  . . Harshav  A1  1602 

1/8"  x 1/8"  Cylinders  ; 14-18  Meah  Granules^  1/8"  x 1/8"  Cylinders 


30.00  lbs 

2.17  lbs 

24.00  lbs 

39.10 

1.74 

27.85 

41.  35 

1.53 

16.50 

42.35 

1.6) 

30. 50 

28.60 

0.89 

27.60 

38.00 

0.85 

21.50 

34.35 

0.44 

15.50 

20. 10 

0.69 

24.10 

35.00 

0.  35 

25.50 

39.60 

1.46 

33.10 

36.60 

45.50 

30.  60 

in  r\ 

Jt.  % UU 

31.60 

(a) 

00 

(-) 

(d) 


Saturated  with  water  vapor  at  80°F 
Average  weight  gain  was  1.392  lirom 
Average  weight  gain  was  12.62  from 
Average  weight  gain  was  2.592  fro® 


and  1 atm  total  pressure, 
as  is  basis, 
as  is  basis, 
as  Ig  basis. 
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APPENDIX  H 


ITI 

CRUSH  STRENGTH  DATA  ON 

FRESH  SHELL  405 

CATALYST 

8 -.12  Mesh 

20-25  Mesh 

25-30  Mesh 

20-30  Mesh 

4.46  lbs 

1.340  lbs 

0.360  lbs 

0.500  lb< 

3.05 

0.525 

1.050 

0.865 

4.60 

0.930 

1.060 

0.435 

1.50 

0.300 

0.  760 

0.650 

3.84 

0. 185 

0.  510 

0.780 

6.82 

2.030 

0.650 

1.  235 

6.40 

0.950 

0.770 

0.490 

7.08 

1.000 

0.655 

0.400 

2.66 

0.415 

0.  715 

0.695 

2.90 

0.615 

0.  750 

0.300 

2.42 

1.350 

0.910 

0.660 

7.34 

0. 800 

0.  520 

0.130 

2.64 

0.  905 

0.  600 

0.465 

6.76 

0.640 

0.040 

0.430 

2.48 

0.150 

0.410 

0.165 

7. 12 

0.600 

0.350 

0.960 

5.00 

0.825 

0.  290 

2.000 

4.68 

0.520 

0.210 

0.500 

3.00 

1.080 

0.700 

0.930 

4.24 

0.  160 

0.890 

0.840 

2.88 

0.  900 

0.  580 

0.350 

2.71 

0.  400 

0.320 

0.  200 

3.40 

o.  no 

0.405 

0.430 

4.20 

0.615 

0.  250 

0.610 

4.80 

1.075 

0.250 

0.100 
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APPENDIX  I 


ITI  CRUSH  STRENGTH  DATA  ON  ALUMINA 
SUPPORT  RE FORE  ATTRITION 


8-12  Mesh 

1.100  lbs 
1.020 
3.970 
2.020 
5.190 
0.900 
2.390 
3.800 
2.940 
0.620 
1. 730 
1.180 
0.630 
1.100 
2.430 

4.400 
3.330 
1.120 

3.400 
0.620 
2.830 
1.440 
1.200 
2.600 
4.380 


14-18  Mesh 

0.950  lbs 
2.020 
0.080 
0.590 
0.640 
1.585 
0.  720 
0.235 
0.710 
1.225 
0.  350 
1.250 
0.825 
2.465 
1.550 
0.465 
1.300 
2.530 
1.340 
1.655 
1.235 
0.320 
0.225 
1.610 
1.500 


20-25  Mesh 

0.100  lbs 
0.310 
.0.380 
0.012 
G.  270 
0.310 
0.  640 
0.655 
0.510 
0.050 
0.175 
1.200 
0.495 
0.190 
0.195 
0.195 
0.563 
0.890 
1.075 
0.620 
0.275 
0.330 
0.150 
0.605 
0.475 


25-30  Meah 

0.250  lbs 

0.695 

0.275 

0.705 

0.220 

0.410 

0.315 

0.320 

0.260 

0.335 

0.415 

0.340 

0.305 

0.190 

0.590 

0.390 

0.180 

0.230 

0.665 

0.365 

0.640 

0.530 

0.395 

0.385 

0.690 


20-30  Megh 

0.115  lbs 
0.260 
0.335 
0.375 
0.650 
0.215 
0.845 
0.610 
0.285 
0.585 
0.450 
0.645 
0.310 
0.345 
0.450 
0.510 
0.340 
0.350 
0.  700 
0.350 
0.750 
0.685 
0.560 
0.340 
0.110 


APPENDIX  J 


ITI  CRUSH  STRENGTH  DATA  ON  ALUMINA 
SUPPORT  AFTER  SOT  ATTRITION  STEP 


8-12  Meah  14-18  Mesh  20-25  Mesh  25-30  Mesh 


3.680  lbs 

1.915  lbs 

2.220 

3.345 

2.190 

2.240 

5.050 

2.735 

4.560 

0.  730 

0.900 

0. 170 

4.425 

1.580 

3.660 

2.310 

3.375 

1.740 

3.410 

1.970 

4.910 

1.150 

2.950 

3.100 

4.875 

1.110 

3.565 

2.830 

7 67ft 

2.550 

2.715 

1.035 

2.560 

2.580 

2.665 

1.360 

1.680 

2.510 

3.015 

0.775 

3.900 

2.325 

4.500 

2.310 

0.850 

1.230 

2.400 

0.460 

2.170 

2.400 

0.410  lbs 

0.415  lbs 

0.  565 

0.335 

0.600 

0.450 

0.  390 

0.950 

0.  575 

0.610 

0.085 

0.615 

0.615 

0.485 

1.315 

0.445 

0.300 

0.190 

1.240 

0.300 

0.420 

0.550 

1.410 

0.170 

1.195 

1.020 

0.615 

1.155 

0,  360 

0.160 

1.650 

0.275 

0.440 

0.560 

0.290 

0.690 

0.775 

0.345 

0.800 

0.340 

0.720 

0.565 

0.825 

0.270 

0.930 

0.810 

0.550 

0.315 

0.815 

0.560 

20-30  Meah 

0.485  lbs 
0.260 
0.515 
0.430 
0.625 
0.195 
0.500 
0.345 
0.250 
0.610 
0.150 
0.110 

0. 550 
0.260 
0.200 

1.  Oj.5 
0.625 
0.325 
1.660 
0.290 
0.555 
0.600 
1.005 
0.020 
0.360 


I 


) 

I 

I APPENDIX  K 


1/8"  a 1/8" 
Cylinders (®) 

1T1  CRUSH  STRENGTH 
CATALYST  SAMPLES 

DATA  ON  USED  SHELL  405 
RECEIVED  FROM  TRW 

18-20  Mesh(d) 

14-18  Meeh(a) (b) 

18-20  Mesh(c) 

20.60  lb* 

C.  750  lbs 

0.660  lbs 

0.740  lbs 

15.30 

0.385 

0.450 

0.845 

9.50 

2.220 

0. 165 

1.210 

11.20 

3.665 

0.850 

1. 065 

40.30 

2.145 

0.590 

1. 360 

27.80 

1.813 

0. 170 

0.410 

20.  2S 

0.945 

0.  805 

0.210 

21.50 

0.915 

0.  735 

0.875 

40.80 

2.570 

0.550 

1.830 

11.00 

1.765 

1.630 

i 

I 

I 

(a)  Detailed  history  not  available,  however,  estimated  at  a few  thousand 
seconds  steady  state  operation. 

! (b)  Approximately  250  aecoods  cf  steady  state  firing  over  51  cold  starts. 

(c)  Sample  saw  84,000  puloea  in  5 lbf  thruster  in  November  1972.  Sample 
from  downstream  end  of  bed, 

Vo ) Sample  saw  210,000  pulses  in  5 lbf  thruster  in  August  1973.  Sample 
' from  upper  portion  of  bed  near  the  injector. 


I 

i 

i 


I 

i 
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APPENDIX  L 


SEQUENTIAL  COMPRESSIVE  MINI-BED  CRUSHING 
OF  20-25  MESH  FRESH  SHELL  405 


Series : 

Pressure 
lb/in2 : 

21.9 

1 

91.8 

200 

322 

27.4 

50 

99 

Weight 
in  Grams: 

Starting 

.9050 

.8662 

8414 

.8132 

.9226 

.9080 

.8949 

On  25  Mesh 

.8662 

.8414 

.8132 

.5148 

. 5G?0 

.8949 

. 861 9 

Through  25 
Me6h 

.0390 

.0243 

.0245 

.2775 

.0157 

.0115 

.0337 

On  30  Mesh 

.0366 

.0232 

.0165 

.0815 

.0145 

.0091 

.0333 

Through  30 
Mesh 

.0024 

.0010 

.0080 

.1825 

.0008 

.0021 

.0004 

I, 


APPENDIX  N 


FRESH  SHELL  405  FAkllCLK  FLUIDIZATION  EXPERIMENTAL  DATA 


Minimum  Inlet  Distributor  Superficial  Velocity 
For  Particle  Movement (a)  Meters  per  Second 


8-12  Mesh 

Pure  Nitrogen 
14-18  Mesh 

20-30  Mesh 

8-12  Mesh 

Pure  Helium 
14-18  Mcsli 

20-30  Mesh 

5.33 

3.55 

2.88 

13.0 

11.1 

6.51 

3.98 

4.40 

2.62 

12.3 

11.1 

7.27 

6.42 

4.23 

2.11 

13.8 

9.40 

6.76 

3.64 

4.99 

2.62 

11.5 

7.73 

7.45 

5.92 

3.55 

1.69 

9.90 

8.96 

( .18 

7.35 

3.98 

2.45 

11.1 

8.45 

6.43 

7.02 

3.46 

1.77 

11.3 

6.18 

8.03 

6.94 

3.81 

1.52 

13.3 

9.90 

4.82 

4.72 

4.32 

2.62 

13.3 

10.  o 

4.82 

8.11 

3.98 

2.54 

12.3 

11.0 

8.95 

8-12  Mesh 

ruitfii  Shell  mOj 

14- 

Fi  evu 

-18  Mesh 

Shell  hOj 

20- 

Fiet»h 

■30  Mesh 
Shell  405 

Gas  Comp. 

Velocity 

Gas  Corap 

. Velocity 

Gas  Comp. 

Velocity 

XN„(h) 

Meters/Sec 

XN„(b) 

Meters/Sec 

ZN„(b) 

Meters /Sec 

—2- — 

88.9 

5.59 

78.8 

4.40 

55.2 

2.45 

88.2 

6.43 

75.6 

3.46 

66.7 

2.54 

87.5 

6.09 

60.': 

4.05 

76.0 

2.21 

81.1 

7.61 

; 5.9 

3.46 

50.0 

4.06 

92.3 

5.50 

614 

3.72 

46.7 

2.54 

85.3 

6.34 

59.6 

3.97 

55.8 

3.64 

82.7 

6.17 

44.3 

5.92 

68.6 

2.96 

85.5 

6.42 

58.3 

4.06 

92.0 

2.12 

74.4 

6.93 

58.7 

3.89 

81.4 

7.26 

63.2 

3.22 

26.0 

11.8 

37.9 

5.56 

16.7 

2.02 

18.1 

7.01 

30.3 

6.42 

45.4 

1.52 

25.6 

3.63 

30.2 

3.63 

26.7 

1.27 

16.4 

10.3 

19.2 

2.79 

14.7 

4.31 

18.0 

7.52 

13.1 

5.15 

36.4 

1.86 

27.5 

5.82 

23.1 

3.30 

32.1 

2.37 

17.6 

8.61 

30.2 

3.63 

21.7 

3.89 

29.0 

3.21 

21.4 

3.55 

34.8 

3.89 

24.5 

3.80 

31.0 

2.45 

32.1 

2.37 

20.3 

5.82 

25.7 

2.96 

41.2 

2.88 

(*)  Minimum  inlet  lstributor  superficial  velocity  which  results  in  *ny 
particle  movement. 

(b)  Volume  %N2  in  « ^-He  blenl. 
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APPtJSDlX  0 


PLPET  DATA  OM  THZ  EFFECT  OF  LIQUID  EROSION 


a Fro ah  Shell  405  1/8"  x 1/8"  Cylinder* 
100  Feet  per  Second  and  8,200  Pulaes 

at 

Pellet 

Initial  Weight 
grams 

Final  Weight 
grams 

Weight  Change 
grama 

1 

.05159 

.05150 

-.00009 

2 

.05122 

.05105 

-.00017 

3 

.05225 

.05194 

- . 0003 1 

4 

.05025 

.05012 

-.00013 

5 

.05416 

.05407 

-.00009 

a Freeh  Shell  405 

1/8"  x 1/8"  Cylinders 

at 

ICO  Feet  per  Second  and  100,000  Pulact, 


Pellet 

Initial  Weight 
grains 

Fins!  Weight  Weight  Change 

grams  grams 

1 

.04819 

.04775  -.00044 

2 

.04930 

.0489]  -.00039 

3 

.04  796 

.04748  -.00048 

4 

.04899 

.04  8 54  -.0004  5 

C 

J 

.05134 

.05090  -.00044 

• Freah  Shell  405 

1/8"  x 1/8"  Cyllndeia  at 

100  Feet  per  Seconc  and  500.000  Pulsar 


Pellet 

Initial  Weight 
grams 

Final  Weight 
grams 

Weight  Change 
grama 

j 

.05143 

. Oil)  1 b 

- .00127 

2 

.04995 

.04989 

- .00006 

3 

.04885 

.04855 

- .00030 

4 

.04947 

.04940 

-.00007 

5 

.03034 

.04935 

-.00099 

l 

I 


I 

! 


i 
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APPENDIX  0 (Gont'd.) 


• Fresh  Shell 
55  Feet  per 

405  1/8"  x 1/8"  Cylinders 
Second  and  8,200  Pulses 

at 

Initial  Weight 

Final  Weight 

Weight  Change 

Pellet 

grams 

grams 

grams 

1 

.05204 

.05201 

-.00003 

2 

.04963 

.04955 

-.00008 

3 

.04684 

.04675 

-.00009 

4 

.04982 

.04976 

-.00006 

5 

.04998 

.04995 

-.00003 

• Fresh  Shell 

405 

1/8"  x 1/8"  Cylinders 

at 

55  Feet 

per 

Second  and  100,000  Pulses 

Initial  Weight 

Final  Weight 

Wel»>t  Change 

Pellet 

grams 

grams 

giams 

1 

.05111 

.05126 

+.00015 

2 

.04953 

.04946 

-.00007 

3 

.04996 

.04976 

-.00020 

4 

.05158 

.05046 

-.00112 

• Fresh  Shell 

405  8 to  12  Mesh  Granules 

at 

100  Feet  per  Second  and  8,200  Pulses 


Particle 

Initial  Weight 
grams 

Final  Weight 
grams 

Weight  Change 
grams 

1 

.01383 

.01378 

-.00005 

2 

.01538 

.01527 

-.00011 

3 

.01418 

.01409 

-.00009 

4 

02309 

.02205 

-.00024 

APPENDIX  0 (Cont'd.) 


• Fresh  Shell  405  8 to  12  Mesh  Granules  et 
100  Feet  per  Second  and  100,000  Pulses 


Particle 

Initial  Weight 
grams 

Final  Weigh i 
grams 

Weight  Change 
grams 

1 

,02226 

.02194 

-.00032 

2 

.01696 

.01674 

- .00022 

3 

.01334 

.01993 

-.00034 

4 

.01334 

.01318 

-.00016 

5 

.01601 

.01583 

- .00018 

• Fresh  Shell  4 05 

8 to  12  Mesh  Granules 

at  55  Feet  per  Second  and  8,200  Pulses 


Initial  Weight 

Final  Weight 

Weight  Change 

Particle 

grams 

grams 

grams 

1 

.00865 

.00864 

-.00001 

3 

.01571 

.01564 

-.00007 

4 

.00816 

.00818 

+.00002 

5 

.01191 

.01183 

-.00008 

• Fresh  Shell 

405  8 to  12  Mesh  Granules 

at  55  Feet 

per  Second  and  100,000  Pulse 

f.'. 

Initial  Weight 

Final  Weight 

Weight  Change 

Particle 

grams 

grams 

grams 

1 

.01448 

.01438 

-.00010 

2 

.02615 

.02608 

-.00007 

3 

.01959 

.01940 

-.00019 

4 

.01822 

.01803 

-.00019 

5 

.01211 

.01199 

-.00012 
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ArrLNDix  p 


ANALY  b 
FROM 

IS  OF  PERCENTAGE  WEIGHT 
pulsed  liquid  EROSION 

CHANGE  RESULTS 
DATA  IN  PLPEI 

Liquid 

Knober 

Of 

Pulses 

Fresh  Shell 
403 

Catu)  yst 

Percentage 

Change 

In  Weight 

Velocity 
feet  per 

set  ond 
100 

/ 

Individual 

Change 

Mean 

Stan.It.rd 

Deviation 

8,200 

1/8"  X 1/8" 
Cylinder.5- 

-0.17 

-0.33 

-0.59 

-0.26 

-0.17 

-0.3  d 

C.  17 

100 

8,200 

8-12  Mesl 
Particles 

-0.36 

-0.72 

-G.63 

-1.04 

-0.69 

0.2G 

100 

100, 000 

1/8"  X 1/8" 

fS'c  H - ^ __ V c 

-0.91 

-0.  /5 
- -1.00 
-0.52 
-0.86 

-0.90 

0.08 

100 

.100,000 

8-12  Mesh 

-1.44 

i on 

-1.35 

0.22 

-1.68 
— 1.  20 
-3.12 


I 

I 


i 

i 

3 

| 


j 
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PLPET  INDIVIDUAL  DATA  USED  IN  THE  AiJOVA 


481  0.769 


Lehigh  University 

Bethlehem,  Pennsylvania  18015 


Materials  Research  Center 


October  27,  1974 


Dr.  W.  P.  Taylor 

Government  Research  Laboratory 

EXXON  Research  and  Engineering  Company 

P.  0.  Box  8 

Linden,  N.  J.  07036 


Dear  Dr.  Taylor: 


As  we  discussed  during  my  last  visit,  it  may  be  diffi- 
cult to  get  the  necessary  property  values  for  the  Shell  405 
catalyst.  In  view  of  the  irregular  shape  of  the  Individual 
oarticles.  I recommended  at  the  time  that  good  approximations 
for  the  catalyst  propexties  can  be  obtained  from  composite 
theory  in  terms  of  the  properties  of  the  alumina  and  iridium 
and  their  volume  fractions  in  the  composite. 

Jinclosed  are  the  results  of  my  estimates  for  a number 
of  properties  of  single  particles  of  Shell  405  catalyst.  The 
property  values  are  summarized  in  the  attached  Table  I.  A 
summary  of  the  calculations  and  a list  cf  appropriate  litera- 
ture references  are  also  included.  I h&ve  been  deliberately 
brief  in  writing  down  the  calculations  3n  order  not  to  spend 
a lot  of  time  writing  a lengthy  report.  Please  contact  me 
if  I can  give  pay  clarification. 

With  regard  to  the  actual  expressions  I chose  to  compute 
the  composite  properties,  from  the  many  that  are  available, 
it  turns  out  that  in  view  of  the  small  volume  fraction  of  Ir, 
the  choice  of  the  equation  is  not  critical.  The  relatively 
large  pore  content  Introduces  a far  greater  uncertainty.  For 
the  latter  effect  I chose  a semi-empirical  expression,  which 
I believe  gives  us  the  proper  range  of  values.  Since  at  this 
time  I was  unaware  of  the  distribution  cf  the  pores  in  the 
composite,  in  the  calculations  I first  calculated  the  proper- 
ties for  a theoretically  dense  composite,  which  were  then  cor- 
rected for  porosity.  The  particular  property  data  chosen  are 
from  the  literature*  For  the  AI2O3,  the  property  values  are 
those  close  to  (<-11203.  For  the  Ir  I have  taken  data  from 
the  list  you  sent  me  plus  a few  data  points  from  the  litera- 
ture. If  it  turns  out  that  property  data  better  than  the 
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once  I have  chosen  become  available,  the  values  for  the  com- 
posite properties  can  easily  be  recalculated.  Clearly,  I 
have  assumed  the  particles  to  be  Isotropic. 

In  estimating  these  property  values  a mechanism  for  cat- 
alyst degradation  occurred  to  me,  in  addition  to  all  those  we 
discussed  during  my  last  visit.  I prefer  to  call  this  mech- 
anism "internal  fatigue".  Thi6  arises  from  the  slight  mis- 
match of  the  coefficients  of  thermal  expansion  of  the  AI0O3 
and  the  Ir.  This  causes  internal  stresses  within  a single 
particle  whenever  the  particle  is  at  a temperature  different 
from  the  one  at  which  the  Ir  was  deposited  Into  the  AlpO^. 

For  a small  volume  fraction,  the  internal  stresses  In  a second 
phase  to  a first  approximation  are: 

o'  lnt  , £x*  EaT/ ( 1 -D  ) (1  ) 

where  a*  is  the  difference  In  coefficients  of  thermal  expansion, 
E la  Young’s  modulus  of  the  second  phaae.hT  is  the 
difference  between  the  temperature  of  the  particle  and 
the  temoerature  at  which  the  composite  vrac  formed,  and 
0 Is  Polsoou’.a  ratio.  , 

For  M-  0.5  x 10-fc  C"*1,  E % V*  x 10h  psi  and  say  nT  = 500  G 
and  v - 0.25,  the  value  of  internal  stress  becomes  some  20,000 
psl.  If  the  particle  Is  above  Its  forming  temperature  this 
stress  Is  compressive;  if  below,  the  stress  is  tensile. 

Cycling  the  temperature  of  the  particles  up  and  down,  as  oc- 
curs In  practice,  subjects  the  Ir  to  cyclic  fatigue.  In  my 
view,  the  above  value  of  stress  Is  sufficient  to  fatigue  a 
brittle  material  even  if  the  streases  from  mechanical  loading 
and  the  continuum  thermal  stresses  were  negligible,  which  I 
doubt.  To  check  on  these  Internal  straases  I suggest  that  an 
X-ray  analysis  be  performed  on  the  particles  and  the  patterns 
compared  with  those  of  the  single-phase  AlgO*  and  Ir.  Peak 
broadening  and  shifting  will  be  Indicative  or  Internal  stress 
content. 

If  this  mechanism  Indeed  Is  responsible  for  the  catalyst 
degradation,  we  could  solve  the  problem  by  selecting  a sub- 
strate material  with  a coefficient  of  thermal  expansion  which 
more  closely  matches  the  expansion  of  the  Ir  than  AlgOx.  If 
this  1a  difficult,  one  might  possibly  first  coat  the  AigOx 
with  a ductile  material  such  as  Au  or  Pt  prior  t.o  Ir  deposi- 
tion. The  ductile  material  will  reduce  the  Internal  stress 
level.  As  an  alternative  solution,  perhaps  a method  may  be 
found  of  replacing  the  catalyst  In  the  rocket-motor. 


248 


Dr.  W.  F.  Taylor  - 3 


Please  give  me  your  comments. 


_Slncerely , 


D.  P.— Haeselman,  Director 
Ceramics  Research  Laboratory 
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Table  I.  Estimated  property  values  for  single  particles 
of  Shell  405  catalyst  with  56%  porosity. 


1.  Volume  fraction  AI2O3 

0.932 

2.  Volume  fraction  Ir 

0.068 

3.  Theoretical  density  (gm.cc-1) 

5.06 

4.  Porosity  < 

56 

5.  Shear  modulus  (10^  psl) 

3. 7-4. 7 

6.  Bulk  modulus  (10^  psl) 

6. 2-7. 8 

7.  Young's  modulus  (10^  psl) 

9.1-11.5 

8.  Poisson's  ratio  ( u for  AlpO^) 

0.25 

9.  Coefficient  of  th.  exp.  ( = C“M  0-100  C 

6.05  x 10~ 

10.  Thermal  conductivity  (cal . crrT 1 . s~ 1 . *C-  1 ) 

Room  temp. 

60c  'C 

0.013-0.01 1 

0.007-0. 0C3 

11.  Specific  heat  (cal . gr'1  C~ 1 ) (R. T . ) 

0.19 

12.  Thermal  dlffuelvlty  (cm. ^s~ 1 ) (R . T. ) 

0.028 

- 250  - 


I 


i — 

I 

31 


•A 


i 

i 


J 

i 

1 


i 


s 

i 

\ 


18  - 


PROPERTY  ESTIMATES  FOR  SHELL  405  CATAIYST 


A.  Volume  fractions,  theoretical  density  and  pgroilf 


Volume 6 assumed 
Wt . fraction  (W) 
Density  (p) . gras.cc 

1.  Volume  fractions 


vi  * wli-,  \R 


Yields  A1,0 
Ir 


V - 0.93.? 

V - 0.068 


2.  Theoretical  density, 

^th  •!?£ 


Yields  Mh  *-5.06  gms.cc 


3.  Porosity  (P) 


P - • actual 


P t*  561 


Al-O. 

0T7" 


yOactual  ~ 2.24  gm.cc 


Elastic  Properties 


Values  assumed  for  fully  dense  Ir  and  A^O^ 


Young's  modulus,  E (10  psi) 
Poisson's  ratio, ^ 

Shear  modulus,  C (10  psi) 
Bulk  modulus,  B (10®  psi) 


74, 

0.25 

29.6 

49. 


ai2o3 

55 

0.25 

22.0 

36.7 


1.  Shear  modulus  oi  dense  Al^O^  - Ir 
After  Baskin  6 Slitrikman;  * 


/ater  nasxin  & onirixman;  * n 

P /->  r uu-viyp^.  - » « . 

^ v-  " ;-5  v.  ♦ \r.  - <£„/£„  - i)-] 

' n l"  ' 

Where  (t  , v • an^V  are  l^e  shear  moduli  of  the  composite,  matrix 
phase  and^secoud  phKse , resp-y  is  Poisson's  ratio  of  second  phase 
aod  C is  volume  fraction  2nd  pKase . 

Taking  A^O^  as  the  reaction  phase,  substitution  of  values  yields 


Q cm  22,5  * 15,6  P"1 

This  la  only  slightly  higher  than  ^ for  A^O^  as  expected  from 


ill  value  of  volume  fraction  of  Ir. 
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Bulk  Modulus  of  dense  - It 

After  Raskin  & Shtrlkman: 

3 (1-V  )(B  /B  - 1)  C 


B 

a 

1 -t  1 u 

2 (1-2  V ) + (1+V  ) 

B /B 

- (B  /B  -1)C 

CD  CD 

p m 

p CD 

Where  B , B , and  a are  the  bulk  moduli  of  the  composite, 
matrix  and  ?nd  phasl  resp. 

Substitution  of  appropriate  values  yields 

B - 37.4  x 106  Psi 

Young's  modulus  of  dense  A^O^-lr 

E - g B/(3B  +C) 

Substitution  of  appropriate  values  for 
E - 55.2  x 106  psi 
As  expected  the  value  is  only  slightly  higher  than  for  Al^O^. 
Young's  modulus  of  porous  composite 
Semi-empirica 1 ly : 


and  B yields  : 
c c 


E - E 


1 - AP/(  1 + (A  - 1)  pJ 


When  F and  E are  Young's  moduli  of  the  porous  and  non-porous 
material,  reap.  P is  the  fraction  porosity,  and  a Is  a 
constant  which  from  experiments  3 <.\<A . 

This  yields: 

E «9.1  to  11.5  x 106  psi 


C . Thermal  Conductivity 


Value"  a ssumed • 


K (Cal  C 1 cm  1 sec 

Room  Temp 
800°C 

From  Haskin  (same  as  Keruer) 


K - K 
c m 


1 + 


V?  <Kn  " KJ 

L p P 


K + 1-  (K  - K )Vi 

m J p m 


Ala03 

0 • 06 

0.02 


0.35 

0.35 
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Where  K , and  K are  the  thermal  conductivities  of  the 

ro mpp«iVe,  matrix  aRd  2pd  phase,  reep.  V-  is  the  fraction 
2nd  phase,  “ 1 - ■ 

Substitution  of  appropriate  values  yields: 


K eyO.068 
K ~ 0.024 


at  RT 
at  80C“C 


Thermal  conductivity  for  porous  composite 


Same  general  expression  as  for  porosity  effect  on  Young'6  modulus 
with  A^  4 


Yields:  K Si-0. Oil  cal.  *C  " lcm~  1s" 1 

K.C  & 0.00* 
c 


at  RT 
" 800°C 


Thermal  conductivity  estimates  from  upper  (K  / and  lover  (K  ) 
bonds  in  the  cond.  oi  composite. 


K+  * K1V1  + K2V2 

l/K_  “ VJ/Ki  + V2/K2 


dense  coiqp  . 


porous  comp. 


O.C797 

O.CfcO 


0.0132 

0.0066 


RT 

800oC 


0.064 

0.020 


0.0106 

0.0033 


RT 

800°C 


Avg.  K+  and  K 


0.012 

0.005 


RT 

830‘C 


About  the  same  as  values  on  top  of  page. 


Coefficient  ot  Thermal  Expansion  After  Turner 

oc  - <&.  lB1v1  +oc2B2v2)/(Blv1  + b2v2) 

For  Al00.  O-  - 6.0  x lO'^'c't  at  RT 


aet  4 < in' 

W ■ .<  A.  A V 


6.  - 1 


Yields  : 


O • - 6.05  X 10'6  -c'1. 

c 


Specific  Heat 


D + c P 

/ i L2r2 
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At  roots 

temp . 

Ai2°3 

C £*  0.26  c* 1 . 

Ir 

C 2*0.033  ” 

Yield*: 

C ^=>  0 

.19  cal.  *C_  LPr 

G-  Thersa*!  Del  £us  lvtr.y  (K) 
K - K//>  c 


i 


1 

j 


t 

i 

f 


Where  K “ thermal  conductivity  j 

P " density  j 

C “ specific  best  j 

2 -1  I 

Yield*  K <*»  0-028  cu  S . »t  KT  ! 
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Lehigh  University 

Bc'.hlehrn,  Pennsylvania  1 SOlb 


Material  Research  Center 


March  3,  1975 


Dr.  W.  P.  Taylor 

Government  Research  Laboratory 

EXXON  Research  and  Engineering  Laboratory 

F.  0.  Box  8 

Linden,  N.  J.  07036 


Dear  Bills 

This  letter  serves  to  provide  you  with  a summary  of  the 
comments  I gave  at  the  Advisory  Committee  Meeting  held  in 
Princeton  on  Feb.  2 5-  A few  thoughts  which  occurred  to  me 
since  the  meeting  are  included  as  well. 

This  was  the  first  meeting  of  the  Advisory  Committee  I 
attended.  1 found  it  very  helpful  as  it  filled  me  In  on  raany 
more  of  the  observations  and  details  of  the  research  program. 

My  comments,  which  are  not  presented  In  order  of  relative 
Importance,  are  as  follows: 

1.  It  Is  my  view  that  In  the  test  for  compressive  strength, 
actual  failure  of  the  catalyst  particles  occurs  In  a tensile 
mode,  due  to  the  presence  of  a tensile  stress  state  in  the 
particle  Interior.  The  direction  of  this  tensile  stress  is 
peroendlculax  to  the  direction  of  the  compressive  load. 

The  tensile  strength  (<j,)  is  related  to  the  failure  load 
(P)  by  6(~  1.37  P/a ^ where  a Is  the  particle  diameter.  This 
equation  Is  used  at  Carnegl e-Mellon  University  to  calculate 
the  tensile  strength  of  abrasive  grain,  subjected  to  failure 
in  compression.  li  may  well  be  interesting  to  see  what  values 
of  tensile  strength  you  may  be  able  to  get  from  the  experiment- 
al data.  It  may  also  be  ox  oenefit  to  take  into  account  the 
size  of  each  individual  particle.  This  could  very  well  reduce 
the  scatter  in  the  data,  which  should  reduce  the  total  number 
of  tests  required  in  order  to  obtain  results  with  a given  de- 
gree of  statistical  slgnlf icance . 

It  was  of  interest  to  note  that,  in  the  list  of  property 
data  you  presented,  the  tensile  strength  was  about  1/3  of  the 
compressive  strength.  I understand  the  tensile  strength  was 
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estimated,  and  please  fill  me  in  on  how  this  was  done.  It 
may  be  fortuitous,  but  it  is  of  interest  to  note  that  for- a 
cylindrical  pore  with  circular  cross-section,  the  stress  con- 
centration factors  are  3 and  -1  for  the  stress  at  the  pore 
equator  and  poles,  resp.  In  compression  this  gives  a tensile 
stress  equal  to  the  compressive  stress  applied  externally. 

A tensile  load,  however,  gives  a tensile  stress  at  the  pore 
three  times  the  applied  stress.  The  ratio  of  the  compressive 
to  tensile  strength  then  is  expected  to  equal  three.  The 
existence  of  a tensile  stress  at  a pore  even  during  compression 
should  facilitate  tensile  failure  under  these  conditions,  as 
I mentioned  earlier. 

2.  During  thermal  shock  on  heating,  a brittle  material  can 
fail  in  tension  or  in  shear  depending  on  geometry.  Protrud- 
ing corners  on  irregularly  shaped  particles  will  shear  off  on 
heating,  which  tends  to  spheroidize  the  particle.  A near- 
spherical  particle  will  fail  in  tension  because  of  the  tensile 
stress  state  in  the  particle  interior.  In  this  case,  the 
fragments  tend  to  be  of  conical  shape.  I mention  this  for  two 
reasons.  On  thermal  shock  by  heating  we  should  keep  track  of 
both  the  tensile  and  the  compressive  thermal  stresses  (1.  e.  , 
320  and  500  psi  as  given  in  the  next-to-last  report. ) On 
cooling  these  stress  values  are  reversed.  This  tends  to  make 
thermal  shock  by  cooling  more  severe  than  thermal  shock  by 
heating,  for  the  same  Blot  number.  Cooling  is  expected  to 
be  more  severe  also  for  the  reason  that  at  the  higher  temper- 
atures from  which  cooling  takes  place,  the  thermal  conductiv- 
ity tends  to  be  lower.  This  increases  the  Biot  number  and  the 
corresponding  tensile  thermal  stress.  This  is  why  it  is  vital 
to  firmly  establish  values  for  the  Blot  number  in  order  to 
render  the  thermal  stress  calculations  most  meaningful  quanti- 
tatively. 

The  other  reason  why  I bring  this  up  is  that  an  examin- 
ation of  the  shape  of  the  fragments  may  tell  us  something  of 
the  failure  mode.  Generally,  on  heating  a brittle  material 
will  fail  catastrophically  into  a relatively  small  number  of 
fragments,  which  for  a spherical  particle  tend  to  be  cone- 
shaped,  as  I mentioned.  If  the  fragments  are  cone-shaped, 
you  may  possibly  conclude  that  failure  occurred  on  heating. 

On  cooling,  geherally  failure  occurs  non-catastrophically, 
by  the  formation  of  numerous  small  cracks  on  the  surface,  giv- 
ing rise  to  loosely  attached  fragments.  Such  fragments  can 
be  removed  gradually  by  the  aerodynamic  forces,  leading  to 
gradual  breakdown  of  the  catalyst  particle s.  In  other  words, 
such  degradation  would  be  a two-stage  process. 
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3.  The  following  thought  occurred  to  me  after  the  meeting. 
Although  I have  not  read  the  specific  worl:- statement  and  -have 
not  talked  to  Dr.  Webber  as  yet,  I understand  that  the  aim  of 
his  analysis  is  to  superpose  thermal  stresses  resulting  from 
thermal  shock  and  internal  stresses  arising  from  gas  pres  wires 
within  the  pore.  This  approach  is  quite  proper  in  order  to 
analyze  failure  mechanisms.  I wish  to  suggest  a further  com- 
plicating factor  which  should  be  taken  into  account  in  such 
an  analysis  as  follows:  As  the  result  of  the  flew  of  heat 

during  the  transient  heating  or  cooling,  the  disturbing  effect 
of  the  pore  on  the  temperature  gives  rise  to  micro-mechanical 
thermal  stresses  around  the  pore  perimeter.  These  stresses 
exist  in  addition  to  the  continuum  thermal  stresses  (as  con- 
centrated by  the  pore)  and  the  stresses  which  arise  from  the 
internal  pressure.  All  three  stress  systems  need,  to  be  con- 
sidered. Appropriate  literature  references  for  these  micro- 
mechanical  thermal  stresses  are: 

Tauchert,  T.  H.  J.  Comp.  Matls.  2 (A)  478-86  (1968); 

3 (1 ) 192-95  (1969). 

I hope  that  sometime  in  the  future  I may  be  able  to  get  together 
with  Dr.  Webber  to  discuss  these  aspects  in  greater  detail. 


4.  I wish  to  make  a minor  comment  on  the  data  for  particle 
breakdown  in  the  simulated  crushing  test.  Please  give  me 
some  more  detail  on  the  particular  screening  operation  used, 
but  generally,  screening  itself  can  result  in  particle  break- 
down. This  is  a common  problem  in  carrying  out  and  interpret- 
ing screening  tests.  In  my  opinion  (subject  to  correction) 
the  data  for  particle  breakdown  for  pressure  leas  than  TOO  psl 
are  the  result  of  the  screening  subsequent  to  the  compression 
testing.  If  so,  we  can  conclude  that  for  pressuras  less  than 
some  100  psl  the  resistance  to  compressive  breakdown  is  even 
more  than  suggested  by  the  experimental  dot  a. 


5.  I was  intrigued  by  the  observations  reported  by  United 
Aircraft,  which  at  least  to  me  seem  to  suggest  that  at  least 
one  of  the  contributing  mechanisms  of  failure  can  ba  attribut- 
ed to  particle  rupture  due  to  internal  pre seure  build-up. 

If  so,  it  may  be  worthwhile,  as  I suggeatod  at  the  meeting, 
to  carry  out  a simulated  test  which  would  involve  a rapid 
decomDresslon  of  the  catalyst  particles  impregnated  with  an 
appropriate  liquid.  I realize  that  the  contract  already 
specifies  the  tasks  and  their  rates  of  effort  (generally  I 
am  accustomed  to  some  greater  flexibility).  Nevertheless, 

It  may  be  wise  to  carry  out  such  a test  at  some  later  time. 
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perhaps  as  part  of  a program  extension.  Since  particles  can 
be  fatigued  by  this  mechanism,  such  testa  if  deemed  worth- 
while, should  Include  single  as  well  as  multiple  decompressions. 


6.  I was  very  pleased  to  learn  more  about  the  actual  struc- 
ture of  the  catalyst  particle.  Kevertr eless,  1 would  like 
to  see  some  SEH 1 s of  the  internal  structure  of  a fresh  alumina 
and  impregnated  particle  as  veil  as  a used  particle  and  of 
fragments  resulting  from  actual  service.  Nevertheless,  I 
understood  that  the  Ir  is  located  on  the  pore  surface  in  rela- 
tively isolated  particles.  This  helps  a great  deal  in  pre- 
dicting property  values,  because  for  a number  of  properties 
the  Ir  cennot  contribute  much,  such  as  for  strength,  thermal 
conductivity  and  elastic  behavior.  Density  and  specific  heat, 
of  course,  are  expected  to  depend  on  Ir  content.  As  a result 
some  of  the  values  I estimated  earlier  should  be  re-assessed. 
These  estimates  depended  In  part  on  theoretical  solutions  for 
materials  containing  near-spherical  inclusions.  Pending  examin- 
ations of  some  SEtf's,  the  latter  structure  does  not  appear 

W A A W 1 ^ A % f . A A — — — ^ t 1 - — * • . . — - _ 
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bar  of  educated  guesses. 


Prom  the  rather  low  value  or  Young’s  modulus,  I conclude 
that  the  alumina  consists  of  a mass  of  particles  which  are 
only  lightly  bonded  together.  Indirectly,  this  value  of  Young's 
modulus  Is  confirmed  by  Dr.  Webber's  thermal  stress  analysis, 
since  for  the  Blot  number  of  unity,  my  original  value  of  Young's 
modulus  would  result  in  unrealistically  high  thermal  stresses 
In  comparison  to  the  strength  values.  We  can  use  the  value 
of  Young's  modulus  as  a guide  In  estimating  other  property 
values,  since  to  a very  first  approximation  those  properties 
affected  by  porosity  follow  similar  relative  dependence  on 
pore  consent.  This  gives  us  a handle  on  thermal  conductivity, 
for  instance.  A3  a result  I attach  a new  list  of  estimated 
property  values,  which  again  Is  open  to  further  revision  when 
more  information  becomeo  available  at  the  program  progresses. 


As  far  as  property  measurements  are  concerned.  It  may  be 
of  interest  to  point  out  that  in  our  ceramics  laboratory  we 
have  recently  Installed  equipment  which  measures  thermal  dif- 
fuulvity  by  the  laser  flash  technique.  This  requires  a circu- 
lar disc  specimen  0.5  inch  in  diameter  by  about  0.1  to  o.2 
inch  thick.  If  a specimen  of  those  dimensions  could  be  acquired 
(such  as  the  alumina  vi  th  cr  without  the  Ir)  we  will  be  most 
happy  to  run  it  through  our  apparatus  to  measure  thermal  dlf- 
fuslvlty  and  calculate  thermal  conductivity.  It  should  also 
be  possible  to  determine  the  diffusivity  of  a catalyst  if  a 
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suitable  specimen  holder  can  be  devised.  Incidentally , a 
value  of  thermal  conductivity  can  -be  very  useful  in  verifying 
the  Biot  number  used  for  the  thermal  stress  analysis. 


7.  A further  mechanism  of  particle  degradation  which  has 
occurred  to  me  may  be  attributed  to  the  attrition  procedure. 
The  damage  to  the  particles  during  attrition  may  result  in 
fairly  loosely  bonded  fragments  which  detach  themselves  during 
operation.  I suggest  that  an  ultra-sonic  cleaning  operation 
following  attrition  can  be  of  benefit  in  removing  these  loose- 
ly bonded  fragments.  Clearly,  during  such  ultra-sonic  clean- 
ing additional  particle  impact  should  be  avoided  by  using 
dilute  suspensions. 


8.  I suggested  earlier  that  possibly  an  Internal  fatigue 
mechanism  may  be  operating  which  on  heating  and  cooling  results 
from  the  cyclic  stressing  due  to  the  slight  differences  in 
coefficients  of  thermal  expansion  of  the  alumina  and  Ir.  It 
may  well  be  that  as  the  result  of  this  internal  fatigue  the 
Ir  becomes  detached  from  the  pore  surface  and  finds  its  way 
out.  If  so,  we  would  expect  that  the  dust  clogging  the  bed 
should  be  richer  in  Ir  than  the  original  catalyst  composition. 
Were  compositions  ever  determined?  If  not,  one  might  do  this. 


9.  Clearly  at  this  time,  we  cannot  say  anything  about  the 
actual  fatigue  mechanism  with  any  degree  of  confidence. 
Nevertheless,  we  might  give  some  thought  to  a pre-sorting 
or  prooftesting  operation  which  would  rapidly  eliminate  those 
particles  which  cause  the  difficulty. 

For  Instance,  if  it  turns  out  that  the  compressive  strength 
test  of  the  single  or  bed  of  particles  correlates  well  with 
the  fatigue  behavior,  we  might  proof-test  by  passing  the  par- 
ticles through  a set  of  rollers  or  use  the  impeller  impact 
test  used  by  the  abrasive  industry  for  testing  friability  or 
toughness  of  abrasive  grain. 

On  the  other  hand,  if  we  find  that  breakup  occurs  because 
of  internal  pressure,  a batch  process  involving  decompression 
could  be  designed.  In  this  respect,  it  is  ray  thought  at  this 
time  that  it  may  well  be  that  the  denser,  stronger  particles 
with  the  smaller  pore  sizes  are  more  likely  to  break  up  because 
of  internal  pressure.  It  could  be  of  interest  to  examine  the 
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fracture  surface  mlcrostruc ture  of  those  particles  which 
failed  in  the  testing  done  at  P.  and  W . 

If  we  find  that  thermal  shock  is  the  culprit,  a quenching 
of  the  particles  may  be  In  order.  Or,  in  this  case,  thermal 
shock  resistance  can  be  improved  by  decreasing  the  particle 
size,  which  lowers  the  Biot  number. 

Since  it  is  my  feeling  at  this  time  that  the  mechanical 
behavior  of  the  particle  primarily  is  controlled  by  the  proper- 
ties of  the  alumina,  it  may  well  be  profitable  to  carry  out 
these  proof-teats  on  the  attrlted  alumina  particles  prior  to 
Ir  impregnation. 


These  are  my  thoughts  and  recommendations  at  this  time. 
Please  call  me  if  I can  give  any  further  clarification. 

Best  wishes. 


Hus  at:  liu an » 


T>« 

JJi- JL  ItU  L 


v,  r . h.  

Ceramics  Research  Laboratory 
Professor,  Metallurgy  and 
Materials  Science 
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Table  I.  Estimated  property  values  for  single  particles 
of  Shell  405  catalyst.  (3/1/75) 


1.  Volume  fraction  AI2O3 

2.  Volume  fraction  Ir 

3.  Theoretical  density  (gm/cc) 

4.  Porosity  (*£) 

5.  Young's  modulus  (10^  psl) 

6.  Poisson's  ratio 

7.  Shear  modulus  (10^  psl) 

8.  Bulk  modulus  (10^  psl) 

9.  Coef.  th.  exp.  (cC-1)  0-100*C 

10.  Th.  cond.  (cal. cm” 1 . s” 1 . °C“ 1 ) 

R.  T. 
800  °C 

11.  Specific  heat  (cal.gr-1.  C-1) 

12.  Th.  dif fuslvity  (cm2.s-1) 

R.  T. 

800  °C 


0.932 

0.068 

5.06 

56 

3.0 
0.25 
1.2 

2.0 

6.0  x 10~6 

2 x 10-4 
0.67  x 10-4 
0.19 


4.7  x 10”4 
1.6  x 10-4 
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Ur.  W.  P.  Taylor 

EXXON  Research  and  Engineering  Company 
Government  Research  Laboratory 
P.  0.  Box  8 
Linden,  N.  J.  07036 


Dear  Bill: 


Vic  Moseley  of  Bell  Aerospace  8i.nt  me  a section  of  their 
proposal,  which  contained  a great  deal  of  information  on  the 
Shell  405  catalyst.  I still  have  to  absorb  most  of  it  but 
here  are  a couple  of  preliminary  comments: 

1.  The  Bell  proposal  lists  a value  of  thermal  conductiv- 
ity of  approx.  0.75  x 10"6  BTU/in  sec  " P.  If  my  conversion 
is  correct  this  value  corresponds  to  aporox.  1.4  x 10"4  cal/ 
cm  sec  *■'  C.  Por  the  single  particle  I estimated  a value  of 
thermal  conductivity  of  2.0  x 10”  cal/cm  sec  ''  C at  the  same 
temperature.  Since  the  bed  is  expected  to  have  a somewhat 
lower  thermal  conductivity  than  the  individual  particle,  my 
estimate  appears  to  be  fairly  well  on  target.  This  Justifies 
the  assumption  I used  for  my  estimate,  namely  that  the  rela- 
tive effect  of  Doroslty  on  properties  such  as  thermal  conduct- 
ivity and  Young's  modulus  is  the  same  to  a first  approximation. 

Por  the  higher  temperature,  ray  estimate  was  based  on  the 
temperature  dependence  of  the  thermal  conductivity  of  the 
solid  alumina,  which  decreases  with  increasing  temperature. 

The  experimental  data  shown  in  the  Bell  report  show  an  increase 
of  thermal  conductivity  with  temperature.  Although  this  in- 
crease 1 8 somewhat  greater  than  I would  expect,  nevertheless 
it  indicates  that  radiation  heat  transfer  can  make  a signifi- 
cant contribution  to  the  overall  thermal  conductivity. 

This  positive  temperature  dependence  for  the  catalyst 
pellets  in  contrast  to  dense  ceramics  may  well  make  thermal 
shock  on  heating  (cold  specimen)  more  severe,  than  on  cooling 
when  the  specimen  is  hot. 
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?.  In  regard  to  thermal  ahock,  the  Bell  propoaal  lists 
a value  of  heat  transfer  coefficient  of  2000  BTU/ft?hr  * F. 
Taking  the  value  of  thermal  conductivity  of  R-  0.75  x 1CT° 
BTU/ln  sec  CP  and  r purtlcle  radius  of  C.Ol  Inch,  yields  a 
value  of  the  Blot  number  of  the  order  of  600  (of  course,  assum- 
ing again  that  my  conversions  are  correct).  Such  a value  is 
far  higher  than  the  value  of  unity  used  by  Bill  Webber.  Ev*n 
taking  a value  of  K - 10  BTU  ln/ft^hr  'P  (as  quoted  by  Bell 
for  a single  particle)  still  yields  a vale,  of  the  Eiot  number, 
m » 20,  for  the  same  particle  size  and  heat  transfer  coeffic- 
ients . 

A very  crude  calculation  (open  to  corrections)  showed  that 
for  a tensile  strength  of  10*  pbI,  the  particle  can  undergo  a 
total  temperature  change  of  1040  and  1200  °C  for  m - 20  and 
600,  reap.  Since,  In  practice,  these  values  are  somewhat  less, 
the  particle  Is  not  expected  to  fall,  at  least  not  during  the 
first  cycle. 

Another  way  of  looking  at  this  Is  that  for  a final  surface 
temperature  of  1110  ‘P  ( ~ 600  ‘ C),  the  thermal  stresses  for 
the  same  sized  particle  originally  at  o‘C,  will  be  500  and 
550  psl  for  m - 20  and  60 0 resp.  (Again,  crude  estimates). 
These  stress  values  are  sufficiently  high  In  comparison  to 
the  tensile  strength  of  around  10*  pgl,  that  weakening  and 
eventual  breakup  can  occur  by  thermal  fatigue.  Thermal  fatigue 
predictions  can  be  carried  out  for  homogeneous  ceramic  bodies, 
as  we  are  doing  now  In  our  laboratory.  But  I doubt  that,  such 
predictions  for  the  catalyst  with  Its  highly  complex  structure 
can  be  quantitatively  meaningful,  unless  these  were  performed 
at  a rate  of  effort  far  greater  than  Is  available  or  even 
Justified  at  this  time. 

3.  A further  question  occurs  to  me.  Was  the  Shell  405 
catalyst  developed  to  give  maximum  reactivity  by  making  as 
porous  a structure  as  possible  am  the  expense  of  long-term 
structural  Integrity?  And  If  so,  could  a trade-off  be  made 
such  that  a stronger  catalyst  be  developed  at  the  expense  of 
a slight  decrease  In  reactivity? 

Your  comments  are  invited. 


Sincerely, 


D.  F.  H.  Haaselman,  Director 
Ceramics  Research  Laboratory 
Professor,  Metallurgy  and 
Materials  Science 

P.  S.  I Juat  received  your  report  and  will  look  at  it  as  Boon 
ag  I can. 
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This  report  has  been  reviewed  by  the  ESD  Public  Aftairs  Office  (PA)  and  is  releasable 
to  the  National  Technical  Information  Service  (NTIS). 
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